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ABSTRACT
Mechanisms and Consequences of Chirally Selective Processes at Mineral Surfaces
Joe D. Wilkinson
This work examines the adsorption of the organophosphoruspesticide acephate in
solution at the surface of common, predominantly achiral minerals. The enantiomer
selective properties of these minerals are assessed with particular focus on the 2:1
smectite, montmorillonite.
Initial batch sorption experiments reveal that unmodified montmorillonite K10
suspended in acetonitrile preferentially adsorbs the (—) enantiomer of acephate
equating to nearly 10 % deviation from the racemic state after a 48 h equilibration
period. It is also noted that in acephate solutions in acetonitrile and water a preference
for the (—) and (+) enantiomers of acephate are respectively observed, highlighting the
importance of the solvent in enantioselective adsorption processes. Enantioselectivity
is also exhibited in adsorption studies involving a large number of surface
modifications to K10 and bentonite SWy-2. For example, exchange of the interlayer
cations for a selection of alternative exchangeable cations provides evidence that they
are involved in the enantioselective adsorption process. Also, complexation with
various enantiopure amino acids appears to enhance the enantioselective capabilities of
K10 and SWy-2. Mechanisms are proposed for the mode of adsorption including
partial ligand exchange between acephate enantiomers and lysine-cation complexes
within the interlayer space. Also of note is that opposite enantiomers of complexed
amino acids do notresult in a preference for opposite enantiomers of acephate. This is
important information in determining the whereabouts and extent of the chiral
environment required for enantioselectivity. Additionally, variations in the pH of the
suspension in a numberof batch sorption experiments reveal a substantial effect on
both the sorption and enantioselectivity for acephate on SWy-2. For example, an
increase in pH above the pKa value for acephate results in a marked decrease in
enantioselective adsorption reflecting the importance of the ionised state of acephate
and thus supports ligand exchange as a mechanism for enantioselective adsorption. An
important factor inferred from the majority of sorption and enantiomeric fraction plots
produced is that some “enantioblind” sorption must occur in the early stages of
equilibration before enantioselective adsorption begins to dominate. This implies that
the orientation ofthe initially adsorbing enantiomers and their interaction with newly
adsorbing enantiomers is fundamental to the overall extent and direction of
enantioselectivity. Also of importance is that an initial enantiomeric imbalance of
acephate in an aqueoussolution adsorbedat the surface of unmodified montmorillonite
K10 is shown to enhance enantioselectivity. The greater the initial imbalance, the
greater the extent of enantioselective adsorption observed beyond that expected from
an initial racemic mixture. This reiterates the importance of acephate-acephate
interactions in the early stages of the equilibration process.
I certify that the work described in this thesis is my own except where
otherwise stated and has not previously been submitted for any degree at this or any
other University.
Joe D. Wilkinson
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CHAPTER 1 INTRODUCTION
This project sets out to explore the mechanisms and consequences of chirally
selective processes at mineral surfaces.
In simple terms, chirality refers to the specific organisation of molecularstructures in
the three dimensional space. It relates to the fact that some chemicals of identical
composition can exhibit different properties depending on their 3-D structure. Where
two possible structures exist, a mixture of equal quantities of each alternative is
termed racemic.
This chapter aims to present the background required to enable understanding ofthe
work carried out in this research and includes an introduction to chirality and chiral
species found in the environment. It considers how chiral species interact with each
other and with some ofthe chiral and achiral minerals found commonly on a global
scale. Within the examination of such species significant focus will be applied to
chiral organophosphorus pesticides and their global distribution and transport.
Additionally, parts of the research carried out in this work will provide insight into
the homochiral nature of some of the naturally occurring biologically active
molecules and so a brief review of the current theories for the initiation of the
homochirality of life will also be included in this chapter. Several techniques have
been employed in order to obtain data throughout this project and thus a brief review
will be included of how such techniques are to be utilised. Finally, the overall aim
and objectives of the study will be presented.
Many synthetically produced biomolecules, such as agrochemicals and
pharmaceutical drugs, are chiral and are usually produced as racemic mixtures.
Despite having identical physical properties the biological properties of enantiomers
of a chiral molecule may vary greatly. For this reason, of the enantiomers in a
racemic mixture only one might be active and so an enantiopure form of a molecule
is likely to be far more efficient for providing targeted control whether it be as an
antibiotic or an agricultural pesticide. As such, there is now strong interest in finding
processes or new technologies that can either separate the enantiomers to make
enantiopure products or lead to the asymmetric synthesis of enantiopure molecules.
Additionally, the fate and transport of chiral pollutants in the environment can be
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better assessed if the abiotic/biotic adsorption or transformation of the individual
enantiomers in the subsurface can be studied. These problems can be examined by
interacting model mineral surfaces such as quartz and clays selectively with chiral
molecules providing insight into the chemical mechanismsat work and the potential
for enantiopurification processes. The study of chiral selective adsorption at mineral
surfaces can also take on a more philosophical and fundamental character providing
a vital part of the attempts to determine the origin of the homochirality of life which
raise questions like: why are all biologically active amino acids left handed and
sugars right handed? Wide ranging contemporary research continues to investigate
this question in a broad interdisciplinary forum drawing from areas such as chemistry
and biology, to geology, to astrobiology and physics.
1.1. Definition of Chirality
The terms chiral and chirality, both derived from the Greek yep (cheir, a hand),
referring to the handednessofchiral species (Suh et al. 1997). Human handsare one
of the best ways of explaining and visualising the phenomenon ofchirality as they
are mirror images of each other that have no internal axes or planes of symmetry and,
therefore, cannot be superimposed on oneanother. In this macroscopic scale, there
are many examplesofchirality that we see every day; from left and right-handed
scissors and left and right hand drive cars to cyclones that spin clockwise in the
southern hemisphere and anti-clockwise in the northern hemisphere. Butit is in the
molecular scale that chirality becomes fascinating as we strive to scientifically
explain the unusual and potentially powerful properties observed of chiral species
and the way they interact with their surroundings. It is important to begin with a clear
definition of chirality in respect to molecules. A chiral molecule is one that is not
superimposable on its mirror image. This is a necessary and sufficient condition for
chirality, with no exception. There is no further definition that can apply to all forms
of chiral molecule but for the purpose of this work we can say that a molecule
arranged in a tetrahedral form with four different groups surrounding a central atom
will exist in two forms, identical in structure and physical properties but differing in
the waythey rotate the plane of polarised light. Such forms of a molecule are known
as enantiomers.
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1.2 The History of Stereochemistry
Our knowledge of stereochemistry began at the start of the nineteenth century when
Haity (1809), observed that there were right and left-handed quartz crystals. He then
postulated, from crystal cleavage observations, that a crystal and each constituent
molecule are images of each other in the overall shape of the crystal (Ali & Aboul-
Enein 2004). But it was Jean-Batiste Biot who, in 1815, discovered that solutions of
certain organic compoundshadthe ability to rotate the plane of polarisation of light,
he termed this phenomenonoptical activity (Drayer 2001; Suh et al. 1997). Later,
Eilhard Mitscherlich (communicated by Biot 1844) noted that different sodium
ammonium salts of tartaric acid caused different deviations from the plane of
polarised light despite have the same chemical composition, crystalline form,
specific weight and the sameinclination in their optical axes. This was the precursor
for Louis Pasteur’s (1948) elegant experiment whereby separating mirror image
crystals of sodium tartrate he revealed that crystals of this organic compound can
exist in different spatial configurations. Finally, Le Bel (1874) and Van’t Hoff (1874)
simultaneously and independently proposed that the four valences of the carbon atom
remain directed towards the vertices of an atom-centred tetrahedron. This lead to the
theory of three-dimensional molecular structures of molecules by which the
phenomenonofchirality and Pasteur’s discovery could be explained scientifically
(Ali & Aboul-Enein 2004).
1.3. Nomenclature for chiral species
The most palpable way of distinguishing between two enantiomers of a chiral
molecule is by the direction in which they rotate the plane of polarised light. The
signs (+) and (—) are used in this instance. A (+) notation before the enantiomer’s
name or formula indicates a rotation to the right (clockwise) whereas rotation to the
left (anticlockwise) is designated by the (—) notation. Commonly, an enantiomer
whichrotates the plane of polarised light to the right is knownas dextrorotatory (d is
used in place of the (+) sign) enantiomer whereasrotation to the left is caused by the
laevorotatory (/ is used in place of the (—) sign) enantiomer. It is important to note
here, the difference between the d// and D/L notation which correlates the
configuration of a molecule with the configuration of D/L-glyceraldehyde according
to the Fischer convention (Ali & Aboul-Enein 2004). This terminology is now
predominantly used for the naming of amino acids and carbohydrates but not for
CHAPTER1 Introduction
pollutants. The use of (+) and (—) labels serves a purpose but is flawed in that the
observer is unable to derive the numberof chiral centres in the molecule. As such, in
the field of pollutants and contaminants, it has largely been replaced by the Cahn-
Ingold-Prelog (CIP) convention (Cahn et al. 1956), which assigns the notations R
(rectus — Latin for ‘left’)or S (sinister — Latin for ‘right’) to describe the spatial
arrangement of the substituents of a molecule around its asymmetrical centre. The
CIP convention can be applied by applying three strict rules which are summarised
as follows:
(1) The sequence rule demandsthat the four atoms around an asymmetric central
atom must be ordered in a priority sequence. The higher the atomic number
of each atom the higher their priority. In a case where the atomic number of
more than one atom is the same then the next bonded atomsare considered.
Additionally, in the case of a double bond, the atomic numberof the atom on
the end of the bond is considered to be double.
(2) The conversion rule involves drawing or visualising the molecule so that the
atom with the lowest priority is directed into the plane of the paper.
(3) Now by drawing or visualising the path of an arrow through the priority
constituents from highest to lowest the direction of rotation becomes
apparent. The absolute configuration label can then be applied to the
stereocentre of the molecule as R for clockwise movement or S for
anticlockwise movement.
a ‘\a| OR |
Cy, Cy4s “ts,I~| Moy I| c
c b
a—7>b-cclockwise=R a—7b-c anticlockwise =
It is also important to make clear the terminology used for different types of
molecular isomers that occur in relation to the discipline of stereochemistry.
Diastereomers(or diastereoisomers) are stereoisomers not related as mirror images
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and are characterized by differences in physical properties, and by somedifferences
in chemical behaviour towards achiral as well as chiral reagents (McNaught &
Wilkinson 1997). Like enantiomers, diastereomers may have more than oneoptically
active atom (known as a stereocentre). However, the configuration of the adjoined
atoms or groups of one or more (butnot all) of the stereocentres must be different. In
the case where only one stereocentre shows a different configuration to its
diastereomerit is referred to as an epimer. It can also be noted that enantiomers of a
compound with more than one stereocentre are also diastereomers of the other
stereoisomers of that compoundthat are not their mirror image. The type of chirality
addressed thus far is known as central chirality and always involves at least one
stereocentre and results in the presence of either a diastereomer or an enantiomer.
However, there are some other types ofchirality that do not have a stereocentre and,
as such, are unable to rotate the plane of polarized light but are nonetheless chiral.
Axial chirality is where stereoisomers of a compoundcontain a plane of symmetry or
an ‘axis of chirality’. The enantiomers of this type of chirality are labeled meso- and
are internally compensated with respect to the rotation of plane polarized light,
meaningthe rotation of its two halves are of opposite sign and cancel each otherout.
This type of chirality includes geometric isomerism and atropisomerism (where
rotation around a single bond is hindered enoughto isolate conformers) but will not
be discussed further here. Of course, a helix is always chiral due to its clockwise or
anticlockwise ‘corkscrew’ structure. Helicity is a unique form of chirality that
normally occurs in longer chain molecules such as proteins and polysaccharides.
1.4 Enantiomeric Relationships
Advancementin our understanding of pest biochemistry and metabolic pathways of
pesticides and the subsequentincrease in the molecular complexity of pesticides have
lead to more frequent use of chiral agrochemicals. Now, more than 25% ofall
agrochemicals are chiral in nature (Williams 1996), the majority of which are
produced with equal amounts of both enantiomers. This is known as a racemic
mixture. Practically, however,it is usually only one of the enantiomers that cause the
desired pesticidal effect. Receptors in the target species are generally
enantioselective meaning they distinguish between chiral pairs leaving half of the
enantiomers ineffective in that particular process. Unfortunately, the unused
enantiomer maynotbe idle with respect to non-target species and, in fact, to any of
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its further interactions, biotically or abiotically, in the environment. Consequently,
deviations from the original racemic state may occur and need to be studied. Several
terms have thus been used to describe the extent of deviation from the racemic
composition. The enantiomeric ratio (ER) is a straight forward ratio of the two
enantiomers existing as part of a chiral compound:
_ [Ey] [Ey] (Equation 1.1)
ER = (E_] or [Eo] 
Where E, is the concentration of the dextro- (+) enantiomer and E- the /aevo- (-)
enantiomer or where E,is the first eluting enantiomer and E2 the second. The ER of a
racemic mixture gives a value 1.0 while deviation from this value indicates an
imbalance in the ration of the enantiomers. The enantiomeric fraction (EF) can be
derived from the ER and is now thought to be superior because it provides a more
meaningful representation of graphical data and is more easily employed in
mathematical fate expressions (Harneret al. 2000):
ER [E,] [E,] (Equation 1.2)
ER+1 ° JE, +E] °” [E, +4] EF =
In the case of EF, a value of 0.5 is obtained if there is a racemic mixture of
enantiomers. In order to determine which enantiomer is in greater abundance in a
non-racemic mixture it is necessary to know the elution order of the enantiomers of
an analyte separated via chromatography. For example, in the case of acephate, a
chiral organophosphoruspesticide used throughout this project, the (+) enantiomeris
knownto elute before the (—) one (Miyazakiet al. 1988). Enantioexcess (ee) can also
be used andindicates the excess of the enantiomer with higher concentration (E;)
over another that has a lower concentration (E)):
[E, — E;] (Equation 1.3)ee = ——___—[E, + E,]
1.5  Homochirality in Life
A fundamental hallmark of life’s chemistry is homochirality (Fischer 1894; Ruch
1968; Mason 1988). It is well knownthat, despite an equal global mixture of both the
D- and L- form of chiral amino acids (AAs), they are almost exclusively active as the
L- form within living systems. L- AAs are the fundamental building blocks of
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polypeptide chains which in turn make upproteins, essential for terrestrial life. This
inherent homochirality finds its way up into higher-order structures such as the right-
handed a-helix (secondarystructure), and the fold (tertiary structure) that is unique to
each different protein in its native state (Barron 2008). Likewise, only the D- form of
carbohydrates are found engagedin biological structures; in fact, the homochirality
of the sugar D-deoxyribose, a fundamental componentof nucleic acid and thus DNA,
is reflected in the right-handed B-type DNA double helix. How this phenomenon
came about has been grounds for much consideration and perusal for over a century.
Fischer (1894) proposed a ‘lock and key’ approach to optically active biochemical
molecules designed to ‘provide a simple solution to the enigma of natural
asymmetric synthesis.’ The idea holds true to this day and essentially observes that
by starting with a single enantiomer or even with an enantiomeric excess in a mixture
of optical isomers, synthetic reactions lead inevitably to a dominant diastereomeric
product favoured by the steric congruence of the reaction intermediates (Mason
1988). This is the reason L-sugars and D-AAs cannot (with few exceptions) find a
foothold in living organisms and why homochirality is fundamental in the efficiency
of biochemistry. In fact, some studies (Joyce et al. 1984) imply that the
homochirality of life is a prerequisite for the origin of life itself. Metabolic efficiency
is also reflected as industrial and economicefficiency in the macro-world andis well
demonstrated by the convention of using right-handed threads on nuts and bolts in
normal circumstances. But what wasthe spark that provided the initial enantiomeric
excess? This is a question that has puzzled scientists since the discovery of
homochirality and although many theories have been proposed noneare pervasively
accepted. Four of the more prominent ideas pertaining to the cause of the
homochirality of life are briefly explored below. For a major review ofthe topic see
Meierhenrich (2008).
1.5.1 Polarised Light
Circular dichroism (CD) describes the way homochiral substances have different
absorption intensities for left and right circularly polarised (CP) light. Since
photolysis (the chemical breakdown of a substance with light) requires absorption of
light, the enantiomers of such a compound would decay at different rates
(enantioselectively). Of course, both enantiomers will be broken down to some
extent by the CP light meaning that total homochirality cannot be accounted for by
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this mechanism alone.It also appears that the right-circular component observed at
sunrise and in particular at the North Pole is almost completely cancelled out by the
left-circular component observed at sunset and the South Pole (Kempet al. 1987).
The net effect is of the order of one part per million (Mason 1988). Additionally, the
sign of the enantioselectivity is only consistent over small frequency bands; light
from the whole spectrum would cause the signs to cancel each other out resulting in
no overall selectivity. It is not unthinkable, however, that a localised region may
have arisen in the prebiotic Earth where the positioning and aspect of a pool of
racemic amino acids could haveled to enantioselective photolysis.
1.5.2 Parity Violations
Another physical theory is that of selective B-decay — governed by the weak force.
This force has a slight handedness, called parity violation. The parity violation
energy difference (PVED) may have been a starting point for the development of
homochirality (Garay & Ahlgren-Beckendorf 1990). However, the PVED is
exceptionally small (about 10'’ kT) (Bada 1995) and would have needed an
additional factor such as autocatalysis. Autocatalysis is where a minute enantiomeric
excess is rapidly and greatly enriched and was nicely demonstrated by Kondepudi
(1990) who showedsaturated solutions of sodium perchlorate, an achiral compound,
can spontaneously crystallise, when stirred, into either pure left- or right-handed
crystals. However, Kondepudi himself admitted that for autocatalytic enantiomeric
amplification to take place, extremely specific, and perhaps unlikely, conditions are
required.
1.5.3 Alien Source
There is some evidence to suggest that the homochirality of life on Earth was
initiated as a result of the arrival of the first molecular building blocks from an extra
terrestrial source. Such evidence arises predominantly from analysis of amino acids
present in meteorite samples. In fact the majority of analyses have been conducted on
fragments from a particular source, the Murchison meteorite, which fell to Earth in
Australia in 1969. It has since been found to contain at least 89 different amino acids
(Meierhenrich 2008). Many of these amino acids are chiral and several have been
found to exist with small enantiomeric excesses (For example, Engel & Nagy 1982).
However, the results are generally thought to be unconvincing due to the possibility
of contamination from terrestrial amino acids. Cronin & Pizzarello (1997) made the
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breakthrough when they showed that enantiomeric excesses existed in amino acid
samples that were not knownto exist terrestrially and thus were almost certainly
indigenous to the meteorite. The excesses were of the L- form and provided a
possible source for the origin of life on Earth as well as the initial imbalance from
which homochirality developed.
1.5.4 Minerals
More than 70 years ago it was suggested that asymmetric preferential adsorption of
one enantiomer of a racemate on to quartz crystals may have been responsible for the
origin of the homochirality in life (Karagunis & Coumoulos 1938). Bonneret al.
(1974; 1975) later confirmed their work but makesclear that it is only possible under
anhydrous conditions. Additionally, it is now knownthat the global distribution of
quartz enantiomers is racemic. Many now accept that these obstacles now render the
mechanism totally implausible in any realistic prebiotic environment(Klabunovskii
& Thieman 2000; Klabunovskii 2001; Bonner 1995). However,it is also notable that,
locally, distribution of quartz enantiomers can be significantly non-racemic (Bonner
et al. 1974; Tamara 2009) signifying that preferential adsorption on the surface of
quartz crystals as the trigger for the homochirality oflife cannot be ruled out.
Clay minerals have also been cited as an abiotic solution to the origin of
homochirality. Initially it was thought that a chiral clay mineral such as kaolinite
might be capable of enantiospecific adsorption and polymerization of amino acids
and several workers had managed to provide experimental in support (Jackson 1971;
Degenset al. 1970; Bondy & Harrington 1979). However, others were unable to
replicate or verify such experiments (Bonner & Flores 1973; McCullough &
Lemmon1974; Bonner & Flores 1975; Friebele et al. 1981; Youatt & Brown 1981)
casting doubt on such a theory. A significant problem was that the two
enantiomorphic forms of kaolinite, like quartz, are equal in abundance on a global
scale. This meansthat if enantiospecific adsorption did occur in a prebiotic world it
would result in the formation of an equal amount of L- and D-aminoacidsglobally.
Nevertheless, the idea wasrevisited by Julg et al. (1990) and thought to be viable by
taking into account the theory of parity violation. This suggests that electroweak
interactions on a nuclear scale are likely to undergo transformations that do not
preserve parity. Experiments have shown that during radioactive B-emissions, for
example, the electrons released were observed to have electron spin that
9
CHAPTER1 Introduction
preferentially describes a left-handed helix (Cronin & Reisse 2005). Another
consequence of the violation of parity that originates in the so-called electroweak
interactions that result from unification of the intranuclear weak interactions and
electromagnetic interactions resulting in a parity-violating energy difference (PVED)
(Cronin & Reisse 2005). Julg et al. (1990)explain that as a result of the weak nuclear
interaction at the mineral level there is a preferential formation of kaolinite of one
enantiomorphic form. Furthermore, it is this asymmetry that causes the asymmetrical
adsorption of amino acids observed in their work andthus,is likely to have played an
importantrole in theinitiation of life on Earth.
Spontaneous breaking of symmetry wasfirst proposed as a mechanism by Frank
(1953) and suggests that one enantiomer can be the catalyst for its own production
while preventing the production of its opposite enantiomer. This would require
random deviation from the racemic state of the enantiomers of a molecule whichis,
in fact, exactly how a racemic mixture of enantiomers exists (Mills 1932). The idea
that a racemic mixture, at any one time, is made up of an exactly even number of
opposite enantiomersis a statistical generalisation and is technically incorrect. In a
classic analogy, if a coin was tossed 100 times it is by no means necessary for
exactly 50 heads and 50 tails to emerge. Similarly, if synthesis of an enantiomeric
mixture from a chiral starting material is repeated many timesthe resulting mixtures
will consist of different enantiomeric compositions. Of course, a bell curve of the
ERs for each mixture will peak at 1.0 with decreasing occurrences of mixtures with
increasing deviations from the racemic state but nonetheless, any single racemic
mixture of enantiomers might not contain exactly even numbers of opposite
enantiomers. This has been demonstrated in several experiments (Havinga 1954;
Calvin 1969; Bonner 1994) indicating that one of the enantiomers could work its way
from a position of slight excess to the total destruction of its antipode. However, as
pointed out by Bonner (1995), such a process is probably unlikely in a prebiotic
world — in the case where a resolved crystalline enantiomer was produced by
spontaneous resolution, it would eventually return back to its racemic state on
redissolving under those conditions. Nonetheless, that this mechanism played a role
is not out of the question, particularly if combined with some of the other theories
reviewed in this section.
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1.6 Chiral pollutants in the environment
Discussion of chirality in the field of environmental pollution is of utmost
importance. If, as already stated, more than a quarter of all pollutants are chiral
(Williams 1996) it is vital to examine carefully the behaviour of these chiral
compoundsafter their application. This is especially so when we see that in many
cases one enantiomer can be more toxic than its counterpart. Furthermore, after
environmental application, as a pesticide moves, temporally and spatially, it can
degrade enantioselectively. As such, non-racemic samples of a chiral pesticide may
be found despite knowledge that the pesticide is only produced and applied as a
racemic mixture. Thus, the overall toxicity of the compound in the environment
cannotbe accurately determined.
The difference in toxicological properties of the enantiomers stems from their
chirality which enables them to interact with enantiomers of other chiral molecules
independently through different biochemical mechanisms (Garrison et al. 1996).
Perhaps the most pertinent example of this occurrence is the case of the Contergan
sedative, given to pregnant women worldwide from 1957 until 1961to treat morning
sickness. Contergan contained racemic thalidomide; the (R)-enantiomer of which had
the desired therapeutic effects, whereas the (S)-enantiomer had teratogenic effects
and causedsevere teratogenic defects in many of the babies born (Bentley 1995). Of
course,it is not just pharmacological compoundsthat this applies to butall bioactive
compoundsthat are chiral, including pesticides. Williams (1996) notes that when a
pesticide is chiral in nature half the product may react with a different cellular
receptor and may cause unwanted,and potentially damaging, side-effects. Lin (2006)
found that the toxicity of methamidophos towards Daphnia magna was an order of
magnitude greater in the (—) enantiomer over the (+) enantiomer. Likewise, Zhou et
al. (2009) found the (R) enantiomer of salithion, an organophosphorus (OP)
pesticide, was five times more potent towards the same species as was the (S)
enantiomer. Interestingly, Zhou et al. also noted that in terms of enantiomeric
toxicity, salithion is not the sum of its parts; the potency of racemic salithion was
significantly less than the combined strength of the two enantiomers acting
independently. The process is known as antagonism and,in fact, occurs in the case of
four other chiral OPs but to date no one has been able to propose a mechanism (Zhou
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et al. 2009). This is one particularly attractive argument for the use of enantiopure
chiral pesticides.
Not only is it commonforthe toxicity of chiral pesticide enantiomers to differ but it
is also frequently reported that the degradation rates of intra-molecular enantiomers
can vary (Ali & Aboul-Enein 2004). This is found in the measurement of ER or EF
of chiral pesticides sampled in the environment. Deviation from the racemic state has
been observed, indicating enantioselective degradation (or selective removal) of the
enantiomers of the given pesticide (Kallenborn & Hiihnerfuss 2001). Jantunen &
Bidleman (1998) reported ER values of 0.75 for dissolved a-HCHat highlatitude in
the Greenland Sea and Wiberget al. (1998) noted ER values for trans-chlordanein
samples of Baltic Herring as low as 0.32 in Resolute Bay, Canada. Further reports of
this kind have been made(Faller, Hiihnerfuss, Konig & Ludwig 1991; Kallenborn et
al. 1991; Kallenborn & Hiihnerfuss 2001; Hiihnerfuss et al. 1993; Ludwig etal.
1992; Qin et al. 2006; Zipper et al. 1998; Faller, Hitthnerfuss, Konig, Krebberetal.
1991; Druzina & Stegu 2007; Lewis et al. 1999). Enantioselective degradation of
chiral chemicals is normally attributed to microbial activity. The inherent chirality of
life inevitably means that the biological metabolism of a chiral species will be
enantioselective. Most workers attribute the presence of non-racemic mixtures of
chiral pesticides in the environment entirely to their interaction with biologically
selective organisms such as enzymes and bacteria and, in fact, use selective
enantiomer degradation as a marker for biological activity (Garrison 2006).
However, over the years there have been reports (Degens et al. 1970; Bondy &
Harrington 1979) that interactions between chiral agrochemicals and achiral minerals
can show enantioselective degradation of the chiral species. In most cases this is
disputed (Bonner & Flores 1973; McCullough & Lemmon 1974; Bonner & Flores
1975; Friebele et al. 1981; Youatt & Brown 1981)but more recent investigations
(Castro-Puyana et al. 2008; Wedyan & Preston 2005)have provided evidencefor the
possibility of enantioselectivity solely as a consequenceofabiotic processes.
The differing toxicity and variable degradation rates of enantiomers of an individual
species combine to powerfully indicate the dangers of treating a chiral chemical as a
single entity. It is, therefore, extremely importantto differentiate both enantiomers of
a chiral speciesif distribution and fate in the environmentare to be understood.
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1.7 Enantiomorphism in minerals
The concept of chirality as explained so far can be applied to individual crystals and
mineral surfaces. Minerals may be inherently chiral due to their morphology as
whole crystals, which exhibit mirror symmetry without superimposability. As is the
case with quartz, which occurs as d-quartz or /-quartz racemically on a global scale
(Tamara 2009). Alternatively an achiral mineral may show chirality between its
individual faces, as is the case with calcite, for example. Minerals suchas calcite and
gypsum,although acentric, have no morphological chirality as they possess planes of
symmetry throughtheir crystal structures. This, however, meansthat the crystal faces
must be chiral by definition as they are not superimposable on one another. An
extensive review of minerals that exhibit chirality by either of these means has been
carried out by Hazen (2004).
Several workers (Hazen 2004; Horvath & Gellman 2003) have outlined three
scenarios in which a mineral crystal surface can exhibit chirality, whether or not the
crystal or any face is inherently chiral. In the first scenario, the structure of a two-
dimensional (2D) surface of a crystal face exists as a non-superimposable image of
its reflection across a perpendicular mirror plane (Figure 1.1 a). The atoms making
up this layer can exist as a planar sheet or may show topography.In the case of many
crystal surfaces there is no chiral structure to the 2D atom arrangement. However, in
the second scenario, the surface may involve a step terrace feature that will result in
the face demonstrating chirality as long as the step does notrun at right-angles to the
perpendicular mirror plane (Figure 1.1 b). For the third scenario, if the terrace edge
does run at right-angles to the mirror plane, it may still maintain asymmetry if a
‘kink’ is present (Figure 1.1 c). This will leave a chiral centre at the site of the kink,
again revealing a potential enatiomorphicface.
13
CHAPTER | Introduction   
Figure 1.1 Crystals commonly display three types of chiral surface features,illustrated here in
idealized drawings. (a) A periodic two -dimensional chiral arrangement of atomsin a plane;
these atoms may be coplanaror they may occuratslightly different heights. (b) A terrace step
that is chiral along a step edge(red line) (c) A kink site that provides a chiral center (X).
 
1.7.1 Rockforming minerals
Quartz is the second-most abundant mineral in the Earth’s continental crust and is
made upofsilicon and oxygen in the formula, SiOz. It is stable below 573°C andis
the predominant mineral in most beach sand. Quartz gainsits inherent chirality from
its silicate framework that incorporates either right- or left-handed helices of corner-
linked SiO, tetrahedra (Hazen 2004) (Figure 1.2 ) and occupies the trigonal space
group P3;21 or P3221 for d- and /-quartz crystals respectively. Quartz crystals
principally exists in the form of a 6-sided prism with 6-sided pyramidal end-
structures (Figure 1.3 a and Figure 1.3 b). The important chiral faces (Figure 1.3 c)
are the ubiquitous (100) prism faces, m, the dominant (101) rhombohedral
termination, r, and the (011) rhombohedral termination, z. However,it is not usually
possible to determine the handedness of an individual of these common
enantiomorphs. This is only possible when the rarer (111) and (511) faces (s and x,
respectively) are present (Figure 1.3 a and Figure 1.3 b, respectively) as they slope to
the right on a d-quartz crystal and left on an /-quartz crystal in accordance with the
Weiss’ convention for morphological handedness. Of course each face adheres to
Biot’s (1844) optical convention and so plane polarized light through a quartz slab
perpendicular to the optical axis is rotated clockwise in a d-quartz specimen when the
observer looks towardsthe source ofthe light.
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Figure 1.2 Left- and right-handed threefold helices of SiO04 molecules along the c-axis, each
tetrahedronto other helices as two more points. From www.quartzpage.de
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Figure 1.3 l- and d-quartz showing the left and right hand slope of the s and x faces (a and b
respectively). Most crystals, such as the 3.2 -cm diameter specimen from Montgomery County,
Arkansas (c), display only the m, r, and z faces. Less common specimens, suchas the 3.5 cm
diameter right-handed crystal from Betroka, Madagascar (d), develop the additional forms
(Hazen 2004).
As stated above, many other minerals, although not possessing intrinsic
morphological chirality, do show chirality between individual faces due to mirror
planes within their structure. Calcite (CaCO3) is the principal mineral of limestone
and marble and in recent decades has been ofinterest in studies of chiral selection by
mineral surfaces (Didymuset al. 1994; Teng et al. 1998; Ormeet al. 2001; Hazen et
al. 2001; Hazen 2006; Kulp & Switzer 2007; Held & Gladys 2008; Maruyamaetal.
2009). Calcite was an extremely abundant marine mineral on the early Earth and
interestingly, its crystal surfaces would have been prevalent in prebiotic
environments (Sumner 1997). Additionally, calcite is a commonbiomineralstrongly
bonded to proteins in the shells of many marine invertebrates. Figure 1.4 better
illustrates the concept of chiral faces for calcite. The dogtooth or scalenohedral
calcite form displays faces designated as v (214) characterized for being mirror
images of each other. The potential for calcite to interact with chiral molecular
species has been underscored by studies of surface growth topology, Teng et
al.(1998) followed by Ormeet al. (2001) suggest surface growth topography may be
strongly affected by the presence of L-versus D- amino acids (Figure 1.5 ).
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Figure 1.4 Trigonal calcite crystal. Enantiomorphic faces (v(211)) show cornerlinked CaO6
octahedra (yellow) crosslinked by planar CO3 groups.
 
 
Beds A Mal i" otal at r ‘ (Nara peheet
ure calcite growth hillock. (b): Growth hillocks following
supersaturated solutions with 0.01M glycine, an achiral aminoacid.(c): 0.01M l-aspartic acid.
(d): 0.01M d-aspartic acid. Images from Ormeetal. (2001).
It is important to note here, particularly given the scope of this work, the comments
of Hazen (2004): “crystal surfaces possess etch pits, growth steps, twin boundaries
and other non-periodic features that provide numerous local chiral centres on an
otherwise achiral surface environment.” The extent of these sorts of chiral
interactions with intrinsically achiral minerals and the variety of the minerals where
they may occuris not well understood.
1.7.2. Clay minerals
Clays are a class of hydrated phyllosilicates making up the fine grained fraction of
rocks, sediments and soils (Faiza Bergaya et al. 2006). Typically a phyllosilicate
involves a continuous tetrahedral sheet. Each tetrahedron is made up of a cation
(non-interchangeable) bound to four oxygen atoms, and linked to neighbouring
tetrahedra at the corners of the three basal oxygen atoms. This results in an infinite
2D hexagonal meshpattern along the a, b crystallographic directions. Additionally,
there will be an octahedral sheet where connections between each octahedron to
adjacent octahedra are made by sharing edges. This forms a sheet of hexagonal
symmetry. The two sheets can align whereby the apical oxygen atoms of the
tetrahedra point in the same direction and connect to the octahedral sheet to form a
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commonplane. A 1:1 layer clay structure involves the repetition of one tetrahedral
sheet and one octahedral sheet whereas in a 2:1 layer structure one octahedral sheet
is “sandwiched” between two tetrahedral sheets with their apical oxygen atoms
pointing inwards. These structures are clearly illustrated in Figure 1.6. from Bergaya
et al.(2006).
1:1 layeroO,
  
 
Figure 1.6 Models of a 1:1 and 2:1 layer structure, O,, O, and O,. refer to the tetrahedral
apical, tetrahedral basal and octahedral anionic position, respectively. M and T indicate the
octahedralandtetrahedralcation, respectively (Faiza Bergayaetal. 2006).
The octahedral sheets in a clay can be knownastrioctahedralif all six octahedral
sites are occupied or dioctahedral if only four of the sites are engaged — although
structure is often reported in half unit cells and so such classification is based on
three octahedral site. Common tetrahedral cations are Si’*, AP* and Fe** while
octahedralcations are usually Al’*, Fe**, Mg”* and Fe”.
1.7.2.1 Kaolinite
Kaolinite is a dioctahedral 1:1 type layer clay with a general structure of
[Sir]AhOs(OH), (half unit-cell content). As a 1:1 type mineral it has a stacking
sequenceofrepeated identical layers with a distance of ~7.2 A from the basal oxygen
atoms of the tetrahedra of one sheet to the other including the interlayer space
between the units (total distance known as basal spacing). The kaolinite layer is
ideally neutral but in reality is subject to some isomorphous replacement (Theng
1974). This is where an octahedral cation is replaced by another, usually of a lower
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charge resulting in a permanent negative charge for the layer. It is this charge that
gives kaolinite a small but measurable exchange capacity under acidic conditions.
The presence of hydroxyl groups at edges of the octahedral sheets and the basal
oxygen atoms of the tetrahedral sheets give rise to hydrogen bonding in the
interlayer. Such bonds hold the unit layers together and must be broken in orderfor
organic compoundsto penetrate. This is difficult and such adsorption is generally
confined to the external crystal surfaces (Theng 1974). In addition to hydrogen bonds
in the interlayer there are more hydrogen bonds within the unit cells associated with
the vacant octahedral site. Together these bonds have been suggested to be
significant in the surface electrostatics that influence the formation of complexes
with external organic compounds(Hobbsetal. 1997).
Many argue against the enantiomorphic properties of clay minerals (Hazen 2004;
Bonner 1995; Bonner & Flores 1975; McCullough & Lemmon 1974). However,
some workers have considered the dissymmetry of edge sites of dioctahedral clays
(Degens et al. 1970; Jackson 1971). Such enantiomorphism derives from the
arrangement of oxygen atoms, hydroxyl groups, aluminium atoms and the vacant
octahedral sites (Jackson 1971). Site vacancy is of fundamental importance to the
asymmetry of a clay. The three octahedral sites (half unit cells) where a vacancy
might exist in a dioctahedral clay are referred to by Brigatti et al. (2006) as A, B and
C vacancy sites. They also point out that the structureis chiral if the vacant site is B
or C, and achiral if the vacant site is A. All naturally occurring kaolinites are thus
chiral (Brigatti et al. 2006) (Figure 1.7).
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Figure 1.7 Projection on the (001) plane of the octahedralsites in kaolinite showing the possible
placement of the vacant octahedralsite (open circles). Closed circles represent Al3+ octahedra
(Adapted from Brigatti et al. 2006).
1.7.2.2 Montmorillonite
Since montmorillonite will play a large role as a sorbent throughout the courseofthis
project, details of its provenance as well as global prevalence are provided here.
Montmorillonite is one of four dominant clay minerals found in the fine grain
fraction of pelagic marine sediments. It makes up the majority of the clay mineral
deposit, bentonite, formed by thermal and chemical alterations to volcanic ash
deposits predominantly in subaqueous environments (Altaner et al. 1984; Christidis
& Huff 2009). It is, therefore, at its most prevalent in volcanic regionsparticularly in
marine environments. In some cases there may be inputs from the continents but
normally the deposits are determined as authegenic (J.J. Griffin et al. 1968). As such,
bentonite deposits are often considered indicative of volcanic regimes. The
distribution of montmorillonite in the global oceansis listed in Table 1.1.
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Table 1.1 Montmorillonite distribution in the global ocean expressed as a percentageof the four
dominant clay minerals in the fine grain fraction; illite, chlorite, montmorillonite and kaolinite
(From Griffin et al. 1968).
 Ocean Average Percentage (%)
North Atlantic Paine : 16.
South Atlantic - 26
North Pacific ee 35
South Pacific | 53
Indian a, | 41
In terms or soil composition, montmorillonite is a relatively commonconstituent of
clay-dominated soils, particularly in close proximity to volcanic ash deposits.
Furthermore, montmorillonite is the predominant componentofvertisol, a soil order
that is prevalent throughout North America but, in particular, dominates large areas
of eastern Africa, Argentina, India and eastern Australia (Coulombe et al. 1996).
Globally, vertisols make up an estimated 308 million ha of the earth’s surface
(USDA-SCS 1994).
Bergayaet al. (2006) provide an excellent description of the structure and chemical
make-up of montmorillonite and thus, some of the more relevant information is
summarised in the paragraph below.
Montmorillonite is a 2:1 type clay mineral and is a memberof the smectite family.
Smectite mineral particles are very small and thus, X-ray diffraction data are
sometimes difficult to analyze. Some SEM micrographs of various modified and
unmodified montmorillonite samples used throughoutthis project are included in the
Appendix. As a dioctahedral smectite, the octahedral sheet is dominated bytrivalent
cations with one vacantoctahedralsite. Isomorphoussubstitution of the Al’* cations
for alternatives such as Mg”’ orFe(II) will always occur if possible. Despite some
internal compensation, the result will be an excess of negative layer charge. This
permanent charge has important implications for the physical properties of
montmorillonite including its exchange capacity and its ability to swell under
hydration. Balancing of the positive charge deficiency occurs through the sorption of
exchangeable cations into the interlayer structure of the crystal. Typical
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exchangeable cations include Na’, K’, Ca** and Mg”", In addition, water molecules
can readily be adsorbed in the interlayer space.
Bergaya et al. (2006) highlight three main elements of interlayer hydration: (i)
hydration of interlayer cations, (ii) interaction of clay surfaces with water molecules
and interlayer cations and (iii) water activity in the clay-water system. In terms of
space occupation, the water enters the interlayer in integral layers and thus has a
direct impact on the basal spacing of the crystal. Normally, hydrated swelling clays
such as montmorillonite will have between 1 and 4 complete layers of water
molecules depending largely on the nature of the exchangeable cation. As such the
basal spacing can vary from 9.5 A in its fully collapsed state to about 19 A when
fully hydrated. And in fact the interlayer may expand or even completely dissociate
further if the exchangeable cations are monovalent and small (Theng 1974). An
extensive list of exchangeable cations and the subsequent basal spacing for
montmorillonite is presented by Norrish(1954). Once water has penetrated the
montmorillonite interlayer it can form hydration complexes with the exchangeable
cations. In the case where the cations bind directly to the aluminosilicate surface on
one side and to water molecules on the other side, the resulting complex is known as
an ‘inner-sphere’ complex whereas an ‘outer-sphere’ complex involves the interlayer
cation being completely surrounded by water molecules (Faiza Bergayaet al. 2006).
In the case of Na’-exchanged montmorillonite, for example, the Na’ cation is
surrounded by five water molecules and is situated above the hexagonal cavity just
over the octahedron. The cation’s water ligands are involved in forming an
intermolecular hydrogen bonded network. Hydrogen bonds mayalso bind interlayer
species to the aluminosilicate sheet surface but these bonds are weak and cannotlast
long. Such bond strengths contribute to the high cation exchange capacity (CEC) of
montmorillonite, ranging from 70 to 120mmol/100g of clay (Grim 1968) — although
Meier & Niiesch(1999) actually found a lower limit of montmorillonite CEC of 65
+2 mmol/100 g fully swellable montmorillonite. However, it is important to note that
the CEC and the ability to take on water are predominantly limited by the layer
charge. The layer charge of the half unit-cell content of montmorillonite can be as
small as —0.2 (Faiza Bergaya et al. 2006) but may be as high as ~ —0.43 according to
Theng (1974) and Shoonheydt & Johnston(2006). Negative layer charges such as
these either arise from the previously mentioned substitution of Al* for a lower
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charge cation in the octahedral sheet as well as via, albeit less frequently, substitution
of Si (IV) for Al** in the tetrahedral sheet. Ultimately, the presence of such charges
and their variability are what gives montmorillonite and other 2:1 phyllosilicates
their ability to take on exchangeable cations and makes them so important across so
manydisciplines.
Montmorillonite is also capable of being madeinto a pillared clay (PILC). PILCs are
prepared by first intercalation of a 2:1 layered silicate such as montmorillonite with
strong polycations (J. Q. Jiang et al. 2002). The intercalation is normally followed by
thermal conversion of the polycations to nanoscopic metal aggregates. These
aggregatesliterally act as pillars supporting the structure that is the silicate layers of
the clay. Consequently, the diameter of the interlayer space can be more than
doubled while heating of the clay to temperatures of, in some cases, as high as 800
°C has no effect on the basal spacing (Faiza Bergaya et al. 2006). Furthermore, the
surface area of the clay is greatly increased, improving its effectiveness as a catalyst
or as a catalyst support material. This is the primary industrial function of PILCs but
they are also commonly used as adsorbents or ion exchangers.
Akin to kaolinite, montmorillonite has been reported to be capable of
enantioselective sorption of a chiral species (Bondy & Harrington 1979). Unlike
kaolinite, however, montmorillonite does not and cannot display structural
asymmetry and, in fact, several workers were unable to confirm Bondy and
Harrington’s preferential binding of either enantiomer of any sorbate (Youatt &
Brown 1981; Friebele et al. 1981). Further work has continued until now (Hashizume
et al. 2002; Wedyan & Preston 2005) as preferential enantioselection continues to be
reported but is rarely repeated. Some suggestions have been made as to mechanisms
involved but no definitive answers are even suggested let alone settled upon.Siffert
and Naidja (1992) found preferential adsorption of the L forms of glutaminic and
aspartic acid on Na-montmorillonite. Additionally, they provided XRD data showing
that the two enantiomers of the same amino acid had different basal spacings
indicating that the “stacking of the molecules in the interlayer space are different for
the two amino acids enantiomers.” Since, statistically, the crystal structure of
montmorillonite cannot possess its ownstructural chirality, Siffert and Naidja (1992)
suggested two hypotheses. The first is based on an idea from Ponnamperumaetal.
(1982) who suggest that some form of asymmetry may come about from the waythat
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octahedral vacancies are arranged. As a result it may be that the distribution,
randomly, of these vacancies at cation exchangesites on the tetrahedralsilica sheets
causes somedegree of chirality. Such an asymmetric surface could favour stacking
of the enantiomers in different orientations. Previously, Cairns-Smith (1975) had
touched on the same idea and considered that “clay minerals which themselvesare
not constituted by chiral structural units should nevertheless be able to exhibit a
chiral character due to the stacking of their structural units.” The second hypothesis
is from Yamagishi (1981; 1982; 1983; 1985; 1987) who argues that an asymmetry
can be created at the interlayer surfaces by the way in whichoptically active ions
stack onto each other. He showed, through experiment, that the assumed chirality of
the montmorillonite interlayer surface on optically active molecules arises due to
differences in the stacking of the metallic complexes; so in effect, structural chirality
would be induced by the adsorbate (Siffert & Naidja 1992).
1.8 Chiral organophosphoruspesticides
Organophosphorus (OP) compounds have been used in many applications including
lubrication, flame retardation and chemical warfare. It is as OP pesticides, however,
that their use has been most widespread, in particular as a response to the banning of
some toxic organochlorine pesticides (OCs) in the 1970s which impact non-target
organisms and have marked ability to persist and accumulate in the environment.
Now 36 % of the total world market for pesticides comes from OPs (Kanekaretal.
2004). The EPA published a list of organophosphoruspesticides totaling over 100
compounds(Reigart & Roberts 1999) although currently the EPA list 49 compounds
in the re-registration review process for organophosphates in the US (US EPA 2009).
OP pesticides are derivatives of phosphoric, phosphonic, phosphorothioic, or
phosphonothioic acids, comprising of many chemicals with a wide range of
pesticidal uses (Druzina & Stegu 2007). About 30 % of current-use OPsare chiral
due to asymmetry around the phosphorus atom (Garrison 2006), although this value
is constantly changing as emerging chiral pesticides are being continually developed
(Wong 2006).
Chiral OP pesticides are extremely wide ranging in terms of structure and
toxicological effects of target and non-target organisms. Chirality normally arises
due to asymmetry around the phosphorus atom, but carbon can also be the chiral
centre, as in the case of malathion, or occasionally a sulfur atom, as in the case of
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fensulfothion. They may also contain halides and exist as aliphatic or aromatic
compounds(Figure 1.8.).
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Figure 1.8 Some common OPpesticides demonstrating position of chiral centres (*) and
aliphatic and aromatic forms.
To some extent, the modes and mechanisms of OP pesticide toxicity are not well
known at present (Kozawa et al. 2009). However, much work has been done to
clarify the biotoxic action of OPs (Costa 2006; J. E. Chambers et al. 2001; H. W.
Chamberset al. 2001). Structurally, OPs can be represented by (Costa 2006):
O|x71
Ry
Where X represents the group that will be displaced in an animal’s nervous system
when the OP phosphorylates acetylcholinesterase (AChE). In this way an OPacts as
a strong acetylcholinesterase (AChE) inhibitors. AChE is an enzymethat facilitates
the degradation of the neurotransmitter, acetylcholine, through hydrolysis. Thus its
inhibition causesa build up of acetylcholine around the cholinergic synapses whereit
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is released. This, along with overstimulation of the muscarinic and_ nicotinic
receptors (Kozawa et al. 2009), results in cholinergic syndrome and possible
symptoms ranging from sweating to vomiting to respiratory failure and death
(Kanekar et al. 2004). Kanekar et al. also report some other modes of
biotoxicological action. One example is organophosphate-induced polyneuropathy
(OPIDP), the symptoms of which cause a delayed sensory loss, progressive muscle
weaknessandfurther weaknessofthe distal skeletal muscles (Lotti & Moretto 2005),
is caused by breakdown of neuritic segments and of their myelin sheaths (Ehrich &
Jortner 2001).
OP insecticides show no species preference in terms of their toxicity. Aquatic and
terrestrial animals alike are at risk from AChE inhibition if sufficiently exposed.
Significant Ceriodaphnia dubia mortality was observed in 87% of samples from a
river channel in California draining an urban/agricultural watershed, while 100%
mortality occurred in a nearby channel receiving direct agricultural surface furrow
runoff (Hunt et al. 2003). Intuitively, species with a preference for soil habitats are
particularly vulnerable to OP pesticides (De Lange et al. 2009). Of course, acute
toxicity is not the only means of poisoning to non-target species; sublethal exposure
may depress the brain and/or blood AChEactivity, and mayalter the physiology and
behaviourofthe species (Lambertet al. 2005).
1.9 Acephate
Acephate (O,S-dimethyl acetylphosphoramidothioate) is an important OP compound
used globally as an agricultural systemic insecticide and its interaction with a variety
of sorbents is the focus of this work. It consists of a phosphorus atom surrounded by
four different molecular groups, making the overall structure asymmetric and
therefore chiral.
OAH3C
Figure 1.9 Chiral acephate molecule (R) presented as a 3D structure
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Physical and chemical properties of acephate are compiled in work by Szetoet
al.(1979). Some of the most relevant of these are presented in Table 1.2 below.
Table 1.2 Selected physical and chemical properties of the organophosphorusinsecticide,
acephate (Data from Szetoet al. 1979).
 Acephate® a-HCH? PCB 52°
Empirical C4HioNO3PS CeHoCle 2,2)Si s5
Formula ; . feat a CisC6H3CeH3
Molecular Weight 183.16 290.83 291.99
WaterSolubility 3821.80 0.12 0,42
(mol/m’) |
VapourPressure 5.33 0.14 9.06 x 10°
(Pa)
Octanol-Water pop. 0,13 oe 03.10 1,258,925
Partition, Kow ee ae | Aga!
(25°C)
 * From Szetoetal. (1979)
>From Kleckaetal. (2000)
Acephate wasintroduced in Taiwan in 1972to control insects damaging vegetables,
cotton, tobacco, rice, and flowers (Yen et al. 2000) but is now in widespread use.
Reliable production values for acephate are sparse but according to U.S. Geological
survey, over 1000 tonnes of the active ingredient were applied on average annually
between 1999 and 2004 (USGS 2008). More than half of this value is applied
specifically to cotton crops targeting a wide range of “chewing”insects.
Acephate is soluble and adsorptive and, thus, is considered to be mobile in most
soils. Fan and Walters (2002) found acephate to be hydrolytically and photolytically
stable in water at pH values between 5 and7 with hydrolysis half-lives of 169-325
days and aqueous photolysis half- lives of 17.5-173 days, but they did not record a
specific correlation between pH and half-life. However, such a correlation was
reported by (Downing 2002) who foundthat the half-life of acephate was reducedat
higher pH values signifying its increased stability in acidic conditions. Nonetheless,
in both acidic and alkaline conditions, hydrolysation occurs by cleavage of the P-N
bond (Szeto et al. 1979). A final property of note is that a decrease in temperature
results in much slower rates of acephate degradation (Szeto et al. 1979; Downing
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2002). This is likely to prove important when assessing the fate of acephate in the
environment, particularly at the poles.
Acephate was chosenas the sorbate for batch sorption experiments throughout this
workfor a number ofreasons, including its global significance as an OP pesticide as
discussed above. Additionally, its phosphorus chiral centre and its relatively small
size as an organic pollutant makesit a good option for assessing sorptive interactions
within and around the interlayer spacing of a clay mineral sorbent. The strong
polarity of the molecule makes it easily soluble in water as well as acetonitrile
making it a straightforward candidate for analysis via GC and HPLC. Furthermore,
of a variety of OP pesticides analysed using GC-ECD, acephate enantiomers proved
the easiest to resolve with the shortest retention time. Finally, despite its high toxicity
with an LDS0 of 900 mg/kg in rats (Mahajnaet al. 1997), acephate is actually one of
the safer OP pesticides to handle.
The toxicity of acephate is attributed to acetylcholinesterase (AChE) inhibition, the
action of which was explained in the previous section. However, the actual AChE
inhibitor is methamidophos, the metabolic degradation product of acephate (Mahajna
et al. 1997). The structure of methamidophos and its proposed mechanism of
formation from acephate is provided in Figure 1.10.
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Figure 1.10 Hypothesis for the metabolic activation of acephate proposed by Mahajnaetal.
(1997). Methamidophos S-oxide is proposed but not established as an intermediate.
1.10 Global production, distribution, degradation and transport of
organophosphorusinsecticides
Chiral OP insecticides can pollute the environment from a variety of sources. Ali and
Aboul-Enein (2004) categorise sources of contamination into point and nonpoint
classes. Point sources include aspects of industrial and domestic activities such as
lawn treatment and pest control. Nonpoint-source OPs come mainly from excess
agricultural application and are caused by rainfall or snowmelt running over or
leaching through the ground and can be found near or far from their original source
in the world’s groundwater, rivers, lakes and oceans as well as in sediment, soil and
atmospheric systems (Matthies et al. 2009; Yen et al. 2000; Muir et al. 2004;
Hagemanetal. 2006).
Domestic, industrial and agricultural application is normally the initial pathway into
the environment. This is the source of immediate contamination in the area of
application. The transport of such contaminants away from the source can occur
through a number of further pathways. Direct transfer from the source soil to
groundwater, rivers, lakes and the ocean may occur through leaching, runoff and
general flushing of waste water from agricultural land and industrial and housing
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complexes. Additionally, volatilisation results in transfer of contaminants into the
atmosphere where they may remain or be return to surface systems via desorption,
precipitation or further air/water exchange processes.
Compartmentalisation can be applied to the global environment and be used to assess
transport of pollutants in the environment. The three root compartments are generally
thought to be air, water and soil (plus sediment). The state of equilibrium of
partitioning between the compartments can be defined using a constant (Figure 1.11).
Further compartmentalisation results in air being sub-classified into gas and aerosol
components, soil into upperterrestrial soil, deep soil and groundwater and water into
freshwater, the surface ocean and the deep ocean. Mackayet al. (1996) and Klecka
(2000) suggest higher levels of disaggregation of the compartments that will not be
discussed in full here.
Soil (and
sediment)
 
Figure 1.11 3-compartment system with equilibrium partitioning between compartments (From
Klecka 2000).
The compartments in Figure 1.11 are essentially the three different phases that make
up the global environment; gaseous,liquid and solid media. Here, they are referred to
as the air phase, the water phase and the mineral phase. The Reversible distribution
at equilibrium conditions between such phases are important for assessing insecticide
distribution in the environment and can be described by the respective distribution
coefficient, Kxy.
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(Equation 1.4)CxKyy = C
Where C,and Cy are the concentrations of the compounds in phases x and y,
respectively. The distribution coefficients for air-water (Kaw), soil-water (Ks,) and
soil-air (Ksw) are thus defined by Equation 1.4.For the purposesof phasepartitioning
of organic pollutants, two additional phases are often considered: the octanol phase
and the pure organic phase (Klecka 2000). The octanol phase represents a surrogate
for environmental lipids and organic matter and is considered important in terms of
specific storage for hydrophobic persistent pollutants such as many OCPsand PCBs.
Assuch, the Octanol-water partition coefficient (Kow) indicates the potential of an
organic contaminant to concentrate from water into aquatic organisms. Low Kow
values for acephate (Table 1.2), therefore, suggest little tendency towards
bioaccumulation. It is the mineral phase, however, that proves important for the
storage of many OPinsecticides due to their polarity and hydrophilic nature (causing
interaction with specific minerals such as clays). Partition between the pure organic
phase and the air and water phases respectively depends fundamentally on two
physicochemical properties of the subject: the vapour pressure and the aqueous
solubility.
Semi-volatile organic compounds (SVOCs) are defined as chemicals that have the
capacity to partition between the gas and particle phases due to their intermediate
ambient vapourpressures. In environmental science this commonly means within a
range of temperatures typical of those on Earth. SVOCs, which include many OPs,
may be subjected to repeated phase transformations and compartmental partition
resulting in long distance transport. As discussed previously, enantiomers of chiral
pollutants are found far from their source and furthermore may display ER/EF values
that indicate significant deviation from the racemic state in which they were applied.
Such a phenomenonis most likely made possible through long range atmospheric
transfer (LRAT). This involves repeated sorption (and desorption) of an SVOC ona
biological compound or mineral. In warm regions of the world SVOCswill have a
tendency to evaporate to the atmosphere where they are subjected to a net poleward
transfer (Wania et al. 1998). However, as they moveto higher altitudes and latitudes
they cool and condense (no saturation occurs but the phase of the compound will
change). This mayresult in deposition at the surface of soils, water, sediments or
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aerosols. However, changesin temperature and other climatic conditions can result in
re-evaporation and a repeat of the process described above. Such cycles can happen
frequently and overrelatively short distances and are sometimes referred to as “the
grasshopper effect” (Wania 2003). The processis described graphically in the figure
below:    Deposition > Evaporationat High Latitudes
  
Evaporation >Deposition
At low latitudes
eer
Qa
Pollutants with Higher Mobility
(\f\ + Pollutants with Lower Mobility
Figure 1.12 Schematic cartoonas a visual aid for explanation of the fundamentalprocesses
involved in the grasshoppereffect.
Here we can see that adsorption/desorption cycles (which may, for example,
represent day/night cycles or seasonal cycles) occur as the compoundsare repeatedly
evaporated to the atmosphere and redeposited to surface systems (Wania & Mackay
1996) The process represents a kind of fractionation whereby more volatile
compoundsareretained in the gaseous phase for longer and, therefore, transported
polewards faster. Furthermore, the ERs of chiral compounds are altered if the
enantiomer selective adsorption occurs in the adsorbed phase of the LRAT. This
process is analogousto chiral separation using gas chromatography:if an enantiomer
is preferentially adsorbed to the stationary phase, even if only very slightly, repeated
adsorption/desorption cycles will result in greater retention and later elution of that
enantiomer.
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Verylittle data is available detailing LRAT of OPsasit is generally thought not to
apply due to their high solubility in water and high vapour pressure. Assessments
using US EPA methodology agrees: “US EPA methodology was used to assess
degradation and immobilization of hazardous constituents in waste-soil mixtures for
determination of the potential for migration of hazardous constituents to groundwater
and to the atmosphere. Modeloutputresults indicated that no significant migration to
groundwater or atmosphere was likely (McLean et al. 1988).” However, there is
some workto the contrary on the LRAT of OPs.
Freed et al. (1979) found that certain OP pesticides, particularly those involving
aromatic ring structures, were found to have surprisingly high octanol-waterpartition
coefficients. This indicated an increased potential for storage and hence, a longer
persistence and, furthermore, suggested the possibility of uptake by organisms and
thus an increased opportunity for biomagnification. Later, observations and model
results from Muir etal. (2004) suggest that in south-central Canada, at relatively high
latitude with low precipitation rates, many current use pesticides (CUPs) are
transported in the atmosphere on a regional scale and reach lakes that are a
significant distance from their point of agricultural application. When assessing the
LRATpotential of CUPS,including various OP pesticides, Muir et al. (2004) stress
the importance of accounting for periods of minimalprecipitation as well as assuring
the constants employed, such as degradation rates and oxidant concentrations, are the
correct ones for the region and time period of interest (Muir et al. 2004). Officially
compiled lists may be guilty of overlooking such factors. Work by Hagemanetal.
(2006) supports this and points out that although none of the current-use pesticides
that they detected werelisted as persistent organic pollutants (POPs) under the 2001
Convention on POPs',their consistent appearance in remote ecosystems indicates
they are persistent enoughto enable transport over significant distances.
 
"They possess a particular combination of physical and chemical properties such that, once released
into the environment, they:
* remain intact for exceptionally long periods oftime (manyyears);
* become widely distributed throughout the environment as a result of natural processes involving
soil, water and, most notably,air;
* accumulate in the fatty tissue ofliving organisms including humans, and are foundat higher
concentrations at higher levels in the food chain;
* and are toxic to both humansandwildlife.
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Hermansonet al. (2005) note that many OP pesticides or their degradation products
are not considered persistent and assumed not to be capable of LRAT because they
are subject to oxidation. They consider that the dominant process for oxidation in the
case of these pesticides is defined by hydroxyl radical reaction rates. High vapour
pressure and low water solubility result in CUPs and other organic compounds
existing in the gas phase under conditions of low oxidation. When the Kaw (often
determined by the ratio of vapour pressure and water solubility) is high the
compound tends to remain in the gas phase (Hermanson et al. 2005). A lack of
atmospheric moisture found in arctic environments, for instance, may influence the
effect of water solubility and therefore the value of Kaw and the compound’s
persistence.
Chlorpyrifos is a widely used OPinsecticide that is not normally thought to have
long-range atmospheric transport (LRAT) capabilities. This is due to its atmospheric
lifetime being based on rapid reaction with hydroxy] radicals. However, Hermanson
et al. (2005) identified its presence in the Austfonna ice cap, Norwayas far back as
1972. The actual hydroxy] radical reaction rate, therefore, must be much slower than
predicted from the literature because hydroxyl radical production is seasonal and
often low in the Arctic. Such a departure from expected degradation rates was
observed for several other OPs with traces present at least from depths relating to
1986 or earlier. The implication is that OPs can indeed be subject to LRAT.
1.11 EnantiomerSelective degradation or removalof chiral organophosphorus
insecticides
Given the generally high mobility of OP insecticides in the environment and their
unexpected ability to persist and be subject to LRAT, it is important to assess the
meansof adsorption and desorption en route and the extent of enantioselectivity in
such cycles. Many such studies have been conducted for OC pesticides (Barrie et al.
1992; Jantunen & Bidleman 1998; Bidleman et al. 2002; Burkow & Kallenborn
2000; Jantunen & Bidleman 1997; Wiberg et al. 1998) due to their well know
environmental persistence and are briefly discussed earlier in this chapter. However,
little evidence can be found in the literature of any such studies pertaining to OP
insecticides. Nonetheless, some observations of uneven proportions of enantiomers
in the environment have been made and are summarised below.
34
CHAPTER1 Introduction
Liu et al. (2005) assessed the enantioselectivity of a variety of synthetic pyrethroids
(SPs) and OPs in both aquatic toxicity and degradation. They found that the (—)
enantiomers of the OPs, in all cases, were dramatically more toxic to the freshwater
invertebrates, Ceriodaphnia dubia and Daphnia magna. Lui et al. (2005) only
measured degradation rates for the SPs, cis-bifenthrin and cis-permethrin, but found
that the (—) enantiomer in both cases was preferentially removed by what they
presumed was microbial action. Qin et al. (2006) also found similar results for
pyrethroid under both field and laboratory conditions although the direction and
degree of enantioselectivity were not always predictable. Some enantioselective
degradation (or enantioselective removal) of OP enantiomers has been observed,
however, by Wanget al. (2006). They found that the (+) enantiomer of fenamiphos
was degraded faster than the (—) enantiomerin water over a 21 day period. Elsewhere
it was noted that, in Brazilian soils, a complete switch could occur from an
enantiomeric imbalance with a preference for the less toxic (—) enantiomerofruelene
to an exclusively preference for the (+) enantiomer. The switch was attributed to
changes in environmental conditions caused by deforestation (Lewiset al. 1999). In
the same paperit was reported that a warming of Norwegiansoils” caused abouta
quarter of the samples studied to switch from an enrichment of (—) ruelene to one of
(+) ruelene. This final observation highlights the significance of climate change and
its potential effect on the global fate of chiral pollutants.
1.12 Enantiomeric separation of chiral OP pesticides
The separation of enantiomers depends on the three-point interaction rule proposed
by Dalgliesh (1952) and improved by Lochmiiller & Souter (1975). The chiral
recognition required for such separation can be demonstrated with a vivid model
provided by Meyerand Rais (1989) using our own (and someoneelse’s) hands. The
thumb (T), forefinger (F) and middle finger (M) on the left (S) and right (R) hands
are the analogy. It can be demonstrated (Figure 1.13 ) that with the use of two fingers
only (a two-point interaction) S cannottell the difference between S and R of another
person (or molecule).
 
Soils were heatedin situ, 5°C above ambient temperatures by computer controlled cables within the
soil over a period of 7 years (Lewis et al. 1999).
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S
Receptor
 
Figure 1.13 Left (S) and right (R) hands demonstrate that a two-point interaction is not
sufficient for chiral recognition
In the case of a three-point interaction, however, S can combine with the R of
another molecule but can only combine with that molecule’s S via a two-point
interaction (Figure 1.14 ). A three-point interaction is more stable than a two-point
one and so for this example, in terms of chromatography, R will be retained longer
and eluted later.
It is important to note here that the three interactions should be different in nature,
e.g., a hydrogen bond, a m — x interaction and a dipole interaction (Meyer & Rais
1989). Otherwise the sites may become interchanged unintentionally making chiral
recognition impossible.
36
CHAPTER1 Introduction
 
Figure 1.14 Left (S) and right (R) hands demonstrate that a Three-point interaction is sufficient
for chiral recognition
Meyer and Rais also point out that one of the three interactions can be repulsive
while maintaining chiral recognition. Their work should be consulted for
demonstrations of such recognition using the left and right hand model.
The three-point interaction rule for chiral recognition can apply to chromatographic
systems where the stationary phase must act as the chiral receptor preferentially
retarding elution of one of enantiomers of the target molecule.
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Separation of chiral species may also be performed using chiral auxiliary compounds
and template surfaces via diastereomeric association complexes. Diastereomers are
stereoisomers but are not mirror images of each other and thus do not have the same
physical properties. They may occuras a result of a compound having more than one
stereogenic centre. A diastereomer can be explained by the interaction of tworight-
hands verses that of a left-hand and a right-hand: a handshake represents an equal
association whereas holding hands represents diastereomeric association.
Diastereomeric association complexes can be used to separate the enantiomers of
chiral species via crystallisation or chromatography. Diastereomeric complexesalso
play a large role in chiral recognition by biological receptors (Mannschrecket al.
2007) as well as achiral structures (Davankovet al. 1990; Davankov & Kurganov
1983).
This rule is vital for chiral recognition of enantiomers at the sorbent-sorbate interface
and therefore applies to enantiomers of acephate at the surface of a mineral and will
be taken into account in Chapter 3 as the adsorption mechanisms for
enantioselectivity at mineral surfaces is examined.
1.13 Objectives of this research
The primary objective of this research is to examine, through rigorous
experimentation, the molecular interaction between acephate and a variety of
synthetic and natural minerals modified by a range of mechanisms. The primary
hypothesis is that some achiral mineral surfaces are capable of chiral selection in the
form of preferential enantiospecific adsorption. Confirmation of the hypothesis is
hoped to be achieved, in the most part, through analysis of a series of batch sorption
experiments which evolve over the course of the project based on the light of each
set of new results. Furthermore, these batch sorption experiments involving sorbents
with a range of modified surfaces are designed to give insight into the mechanistic
properties of the adsorption process that may, or may not, lead to enantioselectivity.
Chapter 2 will present the methodology and the materials used throughout the
investigation in approximately the order in which they occurred.
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CHAPTER2 MATERIALS AND METHODS
This chapter describes the materials and the experimental procedures used to assess
the sorptive behaviour of selected OP pesticides at a variety of mineral surfaces. The
materials and reagents are listed along with their relevant properties followed by a
description of the experimental procedures carried out on this project. The operating
conditions, method reproducibility and instrument calibrations for procedures
detecting and separating the enantiomers of the selected pesticides using gas
chromatography (GC) and high performanceliquid chromatography (HPLC)are also
outlined. GC wasthe instrument of choice for the majority of the work completed
due to its sensitivity and high separation power. A major drawback to GC is that
analytes need to be suitably volatile in order to be carried in the gas phase. This
demandsderivatization of many analytes in order to increase the vapour pressure
sufficiently to facilitate vaporization. However, the vapour pressure for the chiral
organophosphorus chemicals used in this work are all sufficiently high as not to
require this step thus eliminating the chief disadvantage of GC analysis.
2.1. Chemicals and Materials
A list of reagents used in all experimental procedures including their chemical
formula, purity and supplier is presented in Table 2.1. Milli-Q water (18.2 uQ-cm
resistivity; Milli-Q Gradient, Millipore) was used for the preparation of aqueous
solutions.
Table 2.1 List of reagents used in the experimental work
 Reagent Chemical Formula Purity Supplier
Acetone _(CH;),CO ae ae HPLC-grade ‘Fisher _Scientific
oa _ (Loughborough,
Leicestershire, UK)
Acetonitrile (ACN) CH3CN HPLC-grade Fisher Scientific
(Loughborough,
Leicestershire, UK)
Chlorotrimethylsilane  (CH;)3SiCl Wea Her NeeOOly Hi Sigma Aldrich
(TCMS) ae a 4 © (Gillingham: UK).
Cupric acetate | Cu(CO2CH;)» >98.0% Fluka (Buchs,
anhydrous Switzerland)
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   Cupric sulphate 5- CuSO,.5H,O AnalaR grade BDH (Poole,
hydrate England)
 
    
ScientificC,H4(NH2)2 99% Fisher
(Loughborough,
Leicestershire, UK)
Ethylenediamine
  
  
  
 
gland   
| Fisher Scientific
(Loughborough,
Leicestershire, UK)
Methanol CH;0H HPLC-grade
      
Sodium hydroxide NaOH HPLC-grade Fisher Scientific
Bioreagent (Loughborough,
Leicestershire, UK)
2.1.1 Clays and Powdered Minerals
Silica and aluminosilicate minerals were obtained from Sigma-Aldrich with the
exception of bentonite SWy-2 which was ordered from the Source Clay Repository,
Indiana, USA. Silica and aluminosilicate minerals used as sorbents in all batch
sorption experiments are detailed in Table 2.2.
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Table 2.2 Physical chemical characteristics of powdered minerals
 Mineral Structural Formula Surface Other Properties
Area2(m‘/g)
Montmorillonite K10 Mo33(AIMg)Si,O1o(OH)2.nH,0° ~—-220-270 Off-white powderpH=2.5-3.5
Kaolinite Al,Si,0;(OH), . 14.32 Off-white powder
pH=3.5-5 (20% in water)
0.1-4um particle size
Montmorillonite KSF Contains 5% sulphuric acid 20-40 Off-white to beige powder.
(K-catalyst) pH=1-2
Quartz Sand ° SiO, 0.0563 °* Off-white to beige granules.
~ 50-70 mesh particle size.
>6 pm
Aluminium Oxide Al,0; White granules
Bentonite SWy-2° (Cao,12Nao.32Ko.0s) 31.82 : Beige to grey powder
[Als.01Fe(I1D)o.41Mno.01Mgo.sa +/- 0.22 pH=8.5-9.5
Tio.o2][Siz.9sAlo.02]O20 (OH)a°
 “ Surface area determined by BET analysis on a Micromeritics ASAP 2000analyzer
> M’in the natural material includes one or morecations such as Na*, K*, Mg”", and Ca**°Purchased
from Sigma Aldrich and ground to 50-70 meshparticle size
* Purchasedfrom the Source Clays Repository, Chantilly, Virginia
* Data from the Source Clays Repository, Chantilly, Virginia
‘ Surface area obtained from Source Clays Physical Data Sheet
2.1.1.1 Montmorillonite K10
Montmorillonite K10 is an acidic clay catalyst. It is prepared via the calcination and
acidification of the natural montmorillonite discussed in Chapter 1. Montmorillonite
K10 is a Brénsted and Lewis acidic catalyst and can be modified easily by
exchanging its interlayer cations with a host of other cations including Ca, Na, Cu,
Zn and even heavier metal cations such as Hg. Montmorillonite K10 can also be
pillared, generally by using metal oxide complexes to increase the basal spacing
betweenthe clays platelets. These are stable at high temperatures and give the clay a
greater capacity for sorption making it more efficient as a catalyst or agent for
contaminant removal(Valverdeet al. 2003).
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The composition of the Montmorillonite K10 was determined by XRD analysis by
Dr. Steve Crowley of the University of Liverpool Earth and Ocean Sciences
Department:
For XRD analysis, approximately 10 g of dry K-10 wastransferred to a glass beaker
and hydrated for 48 h in 100 mL ofdistilled water. The component particles were
then suspended by gentle stirring with a glass rod and separated by ultrasonic
dispersion for a period of 15 min. The dispersed particles were then size separated to
produce <2 jm, 2-20 um and >20 um fractions (equivalent spherical diameter) using
standard particle size separation techniques (gravity settling and centrifugation). The
resultant size fractions were suspended in distilled water and quickly frozen with
liquid nitrogen prior to removal of water by freeze-drying. Once dry, each size
fraction was allowed to equilibrate (24 h) at ambient temperature (~ 20°C) and
humidity (~ 30 % relative humidity) and then transferred to a side-loading
aluminium cavity mount to produce a randomly orientated sample. Such samples
were analysed in step scan mode from 3 to 65°20 with step increments of 0.02°20
and a counting time of 2 seconds per step using a Siemens 500D X-ray
diffractometer (fitted with a graphite monochromator, |°divergence and anti-scatter
slits, 0.15° detectorslit), and Cu Ka (A= 1.5419 A) radiation generated at 40 kV and
30 mA.
The overall composition (%) of Montmorillonite K10, as supplied, was found to be
56.0 % smectite, 29.0 % quartz and 15.0 % muscovite.
2.1.1.2 Bentonite SWy-2
Bentonite are predominantly used in the drilling industry where it is an important
componentofdrilling mud used to cool the drill bit and remove waste material from
the well bore. However, it is also employed as a sealant for subsurface disposal
systems for spent nuclear fuel, as a component of cement, in adhesives,cat litter and
as an alternative medicine. Bentonite SWy-2 is an impure 2:1 layered clay made up
predominantly of montmorillonite. There are several types of bentonite, named after
a dominant cation such as potassium, sodium, calcium or aluminium. Swy?2is a
sodium dominated bentonite (Mermut & Cano 2001) originating from the Newcastle
formation in the American State of Wyoming and assuch is often referred to as
‘Wyomingbentonite’. The stock sample wasoriginally collected in 1972 from which
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working samples are now taken. The source clays repository lists its chemical
composition (%) as follows: SiOz: 62.9, AlzO3: 19.6, TiO2: 0.090, Fe203:3.35, FeO:
0.32, MnO: 0.006, MgO: 3.05, CaO: 1.68, NazO: 1.53, K2O: 0.53,F: 0.111, P2Os:
0.049, S: 0.05 (Mermut & Cano 2001).Its cation exchange capacity was determined
by Borden and Giese (2001) and found to be 76.4 meq/100 g with the principal
exchangecations being sodium and calcium. The mean layer charge was calculated
by Mermut & Lagely (2001) as having a charge of ~ 0.30, the unit of which,
(Si,A1)4010 (eq/mol),was calculated from the charge distribution. Finally, the surface
area was found to be 31.82 +/- 0.22 m’/g (Source Clays Repository, Chantilly,
Virginia).
2.1.1.3 Deep-sea sediments
Deep sea sediments were collected on research expedition JC027 in August 2008
from surface sediment at 4000-5000m depth along a North — South transect off the
North-African Atlantic coast. Specific coordinates are given in Table 2.3.
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Table 2.3 JC027 station numbers and geographicalpositions
 Core number Date - time Latitude Longitude Water depth
(m)
JC027-25-2 16/08/08 — 07:34 35°44.75S’N 09°59.27W 4633
JC027-43 22/08/08 — 18:10 38°21.66’N 09°59.08°W 4572
JC027-45 23/08/08 — 14:09 38°23.18’N 10°24.13’W 4835
The sediments were collected using a Mega-Corer (Figure 2.1) deployed from the
side of RSS James Cook. This method retrieves a core of approximately 50 cm in
depth and 15 cm in diameter by means of a number of 10 cm diameter Perspex
cylinders. The mega-corer is hydraulically dampened at the sea floor so as not to
disturb the surface sediments. Only surface sediments were required for contaminant
analysis as sedimentation rates in the deep sea are only in the order 3 mm per
thousand years (Edward D. Goldberg & John J. Griffin 1964) meaning man-made
contaminants are unlikely to be found below a few millimetres. However, influences
such as bioturbation can result in redistribution of material and so the upper five
centimetres of each core were taken by slicing each core into 1 cm sections, using a
large metal spatula. The sections were frozen (-20°C) prior to analysis.
 
Figure 2.1 Retrieval of Mega-Core samplesto the deck of the RSS James Cook
44
CHAPTER2 Materials and Methods
2.2 Glassware Cleaning Protocol
The majority of glassware was cleaned by soaking in the surface active cleaning
agent Decon 90 (Decon Laboratories, Sussex, UK) for a minimum of 12 h before being
rinsed extensively with tap water and MilliQ water respectively. The glassware was then
dried in a drying ovenset at 30-50 °C until all moisture had evaporated. Other glassware
including Pasteur pipettes and 1.5 mL and 7 mL clear glass vials was wrapped in
aluminium foil and heated to 400°C for 4 hours in a muffle furnace in order to remove
unwanted organic purities. Plastic 2 mL centrifuge tubes were cleaned by immersion in
methanol for 30 s, and subsequently air dried for several hours. An exhaustive list ofall
glassware and consumablesusedis presented in Table 2.4.
Table 2.4 List of glassware and consumables used throughout research with type of cleaning
procedure employed
 
Glassware/consumable Cleaning technique
Glass beaker (250 mL)
Volumetric flask(varying capacity)
Pasteur pipette
Glass vial — small (2 mL)
Glass vial — large (7 mL)
Polypropylene centrifuge vials (2 mL)
Polypropylene centrifuge bottles (35mL)
Syringes (50 - 500 uL)
Metal spatula
polypropylenepetri dishes
Aluminium foil
Washed in Decon 90 — dried at 30 — 50
eC
Washed in Decon 90 — air dried
Pyrolysed (400 °C) — one use only
Pyrolysed (400 °C) — one use only
Pyrolysed (400 °C) — one use only
Immersion in MeOHfor 30 s — air dried
Washed in Decon 90 — dried at 30 — 50
AG
Rinsed in DCM or ACN
Washed in Decon 90 — dried at 30 — 50
oC
Untreated — one use only
Pyrolysed (400 °C) — one use only
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2.3 Preparation of Clays and Powdered Minerals
2.3.1 Montmorillonite K10, Kaolinite, Aluminium Oxide, Bentonite from Sigma
Aldridge and Bentonite SWy-2
Each material was prepared by heating to 400°C for a period of 24h (unless
otherwise stated) to ensure the lack of biotic processes such as enzymeandbacterial
activities and stored separately in the dark in foil sealed glass jars. This form of pre-
treatment will not, however, remove humic substances such as fulvic and humicacid.
In fact, there is evidence to suggest that small changes in EF of chiral compounds
can occuras a result of interaction with humic acid (Oravec et al. 2010). Nonetheless
there is very little work supporting these claims at this stage and, although an
interesting avenue for further work it, the idea is not considered any further in this
work.
2.3.2. Separation ofthe 2 um Fraction
For each of Bentonite (Sigma Aldrich), Bentonite SWy-2 and Montmorillonite K10,
a <2 um fraction counterpart wasalso prepared:
100 g of each were suspended in DI water and the two bentonites were sonicated for
2 h in order to achieve sufficient dispersion. The suspension wasthen centrifuged at
850 rpm for five minutes which, according to Stokes Law (Equation 2.1), is
sufficient for particles larger than 2 pm to settle.
Fy =6muRV (Equation 2.1)
Where Fy is the frictional force acting on the interface between the fluid and the
particle (N), u is the fluids viscosity (kg m' s"), R is the radius of the spherical
object (m) and is the particle’s velocity (m s'). The settled material was discarded
and the supernatant retrieved. This procedure was repeated until the supernatant
contained no visible suspension. The large amount of supernatant was extracted,
pooled and forced to flocculate by the addition of 20 mL of 1M NaCland the clear
supernatant discarded (in some cases further centrifugation may be required). There
wasalso significant ultra-fine componentin suspensionthat is almost impossible to
settle out; this material was problematic while using GC analysis as it contaminates
syringes, inlet systems andthe chiral column. Subsequently, to prevent damageto the
equipment and the compromising of chromatographic traces, the <0.5 um wasalso
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removed by centrifuging at 3200 rpm for six minutes before discarding the
supernatant. The resultant material was re-suspended in fresh DI water and
centrifuged several more times as a cleaning process. It is important to remember
that the separation obtained is an approximation as Stoke’s Law assumesspherical
objects whereas clays such as these will exist in flat shards of material varying in size
from oneor two to a few hundredunit layers.
2.3.3 Deep-sea Sediments
The top 1 cm samples from each station were individually homogenised with a pestle
and mortar before pyrolysation at 400°C to remove organic content. They were then
freeze-dried in a Heto PowerDry LL3000 freeze drying unit with a Thermosarant
ValuPump VLP200ready for use in a batch sorption experiments. The same samples
were also extracted for the detection of Water Soluble Organic Content (WSOC) by
Oritsejolomi Etuweweofthe University of Liverpool using the following method:
Dissolution wascarried out in MilliQ water before extraction by sonication for | h.
The mixture was then ionised to pH 1 before back extraction into DCM,rotary
evaporation and drying of the extract with sodium sulphate. Evaporation to dryness
was then exacted under nitrogen gas. Finally, the extract was derivatised at 70°C for
45 min.
Additionally, all the samples were sent for elemental analysis (CN) by Sabena
Blackbird of the University of Liverpool.
2.3.4 Copper-exchanged Montmorillonite K10
0.607g of copper (II) acetate was mixed with 1g of montmorillonite in 25 mL of
MilliQ water (Ratio of components from Tsvetkov & Mingelgrin 1987a). The pH of
the solution was recorded and altered to 8 (approximately that of average seawater)
using acetic acid and sodium hydroxide. The same pH adjustment wasapplied to all
subsequent montmorillonite K10 and bentonite SWy-2 modifications unless
otherwise stated. The mixture was then agitated for 48 h using a rotary tumbler. After
being centrifuged and washed until blue colouring of the supernatant disappeared,
the remaining material wasfreeze dried.
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2.3.5 Copper-lysine-exchanged Montmorillonite K10
Copper-lysine-exchanged montmorillonite was prepared for use in batch sorption
experiments with acephate to give insight into how the presence of a chiral body at
active reactionsites affects chiral recognition. The procedure used wasadapted from
Tsvetkov and Mingelgrin (1987b):
Cu-L-lysine solution was prepared by mixing 0.182 g of Copper (II) acetate and
0.439 g of L-lysine in 25 mL of MilliQ (40 mM Cu(CH3COO)2 : 120 mM L-lysine.
The Cu-L-lysine-montmorillonite complex was then prepared by suspending | g of
pyrolysed (400°C) montmorillonite in the Cu-L-lysine complex at a 1:25 clay (g) to
solution (ml) ratio. The mixture was then agitated for 48 h using a rotary tumbler.
After being centrifuged and washed until the blue colouring of the supernatant was
discharged the complex wasfreeze dried.
The same procedure wasused for preparation of Cu-D-lysine-montmorillonite.
A Cu-L-lysine-montmorillonite complex was also prepared with increased amounts
of Cu-L-lysine complex so as to ensure that all active reaction sites were saturated.
The above procedure was followed with the same clay : solution ratio but with
revised ingredient amounts;
e 1 gof Montmorillonite
e 0.607 g of copper(II) acephate
e 1.462 g of L-lysine
e 25 mL of MilliQ water
2.3.6 Silanisation ofMontmorillonite K10
The montmorillonite was derivatised in order to cap hydroxyl groups and thus
removing these active species from the adsorption process. The following procedure
was adapted from Zhanget al. (2006):
A portion of pyrolysed montmorillonite K10 (10 g)was placed in a 500 ml three-neck
round bottom flask containing 300 mL of anhydrous acetone. The mixture was
further dried using 2 spatula measures of sodium sulphate and left for 12 h. The
system wasstirred under nitrogen gas for 20 min before the addition of a 50 mL
aliquot of trimethylchlorosilane was added to the suspension and the system was
gently refluxed (72 h). The product wascollected byfiltration, washed with acetone,
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then with acetone/H20 (50:50). After drying at 80 °C for 12 h, the silanised clay was
ground to a powder. Enough material for the batch sorption experiments (described
later in the chapter) was dispersed in a saturated saline solution for 24 h to remove
the ammonium ions; the same process wasrepeated three times. It was then filtered,
air-dried and ground to a powderagain ready for use in batch sorption experiments.
2.3.7 Amino acid-exchanged Bentonite SWy-2
A variety of complexes were prepared with amino acids (AAs) and bentonite SWy-2
to assess the consequencesof different species occupying active sites on the clay
surfaces. The L and D forms of lysine and alanine were used along with the non-
chiral glycine according to the following procedure:
The chosen AA and the non-exchanged, pyrolysed (400°C) bentonite SWy-2
(amounts listed in Table 2.5.) was combined with MilliQ water (25 mL)at a ratio of
1:25 clay (g) to solution (mL) ratio. The suspension was then mechanically agitated
for 48 h and centrifuged at 5000 rpm for 30 min.Finally, it was washedfive times to
dispel excess reagent and freeze-dried for 24 h.
Table 2.5 Quantities of AAs and bentonite SWy-2 used in the preparation of the AA-exchanged
bentonite SWy-2
 AA AA used (mg) Bentonite SWy-2 used
(mg)
L-lysine (or D-lysine) 16365 1000
L-alanine (or D-alanine) 223° | 1000
Givcine 9 [888oe 1000
“In the case of the chiral AAs, a racemic mixture wasalso prepared by combining the enantiomersin
equal proportions up to the amountlisted here.
Additionally, bentonite SWy-2 was prepared following the same procedure, but
without any complexing reagents,to act as a blank for batch sorption experiments.
2.3.8 Activated Copper
Activated copper, often referred to as ‘spongy copper’, was prepared in order to
investigate the effect on chiral recognition of copper alone. The procedure was
adapted from Blumer (1957). Cupric sulphate (45g) was dissolved in MilliQ water
(500mL) and acidified with the addition of2M hydrochloric acid (20mL). Zinc slurry
(15g pure zinc in 25mL MilliQ water) was then added very slowly over a 20 min
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period with rapid stirring until precipitated copper turned from red to brown and the
supernatant became colourless. The supernatant was then removed and the
precipitate thoroughly washed with MilliQ until neutral pH was achieved. Further
washing was then required using methanol then dichloromethane. A batch of
activated copper wasalso prepared with the addition of L-Lysine (500 mg) at the
same stage as the cupric sulphate in an attempt to form an activated L-lysine-copper
complex. The precipitates were kept frozen until needed.
2.3.9 InitialpHDetermination
In the case of all clays and powdered minerals, 5 g were combined in separatesterile
plastic bottles with 30 mL of MilliQ water and shaken sufficiently to ensure
complete hydration. These were used to determine the initial pH of each material.
Table 2.6 lists these materials with their corresponding pH values.
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Table 2.6 List of clays and powdered minerals used and their corresponding initial pH values(in
aqueous suspension)
 Clay or mineral powder Initial pH (in aqueoussuspension)
Montmorillonite K10 42 ee 3-4
Kaolinite | 4-5
Aluminium oxide ee lea ; : 6-8
Quartz ) . | | 2-3
BentoniteSWy-2_ Bee oe 8-9
Deep-sea sediments -
Cu-exchanged montmorillonite K10 ne 4 — 3-4
Cu-lysine-exchanged montmorillonite K10- | 8-9
Silanised montmorillonite K10 a :
Lysine-exchanged bentonite SWy-2 8-9
Alanine-exchanged bentonite SWy-2 oa 8-9
Glycine-exchangedbentonite SWy-2 8-9
 
2.4 Preparation of OrganophosphorusPesticides and Aqueous Solutions
The organophosphorus pesticide, acephate, was used in all batch sorption
experiments. It was purchased from Sigma Aldrich in its pure crystallized state and
kept at -20°C. Typically, a stock solution of 100 mg/L was madeupinthe following
manner. 10 mg of pure acephate was weighed on a microbalance(sensitive to 100 ng)
and deposited in a clean 100 mL capacity volumetric flask. The solution was then made
up to volume using freshly filtered MilliQ water and kept refrigerated ready for use.
Freshly made stock solution such as this was kept for a maximum of one week and
discarded if not completely used in this time so as to reduce risk of contamination and/or
chemicalalteration of the reagent. Internal standards were not used for fear of interaction
with sorbentor sorbate, directly or indirectly.
2.5 Experimental Procedures and Apparatus
2.5.1 Cation Exchange Capacity (CEC) Determination
Montmorillonite K10 was not supplied with values for the CEC nor were they
available in the literature. Thus, they were determined here using a method adapted
from (F. Bergaya & Vayer 1997). The procedure consists of a single-step using
copper ethylenediamine (Cu(EDA)”* ) releasing copper ions as the (EDA)2°*binds
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with the undetermined cations present in the clay interlayer. The CEC can then be
obtained by the difference in concentration of the copper in the initial and final
solutions as determined by atomic absorption spectroscopy (AAS).
The Cu(EDA)** complex was prepared mixing! M copper(II) chlorideand! M
ethylenediamineat a ratio of 1:2 with a slight excess of the latter to ensure complete
formation of the complex.The complex was made up to volume (25 mL) to give a
concentration of 0.05 M and the pH ofthe intensely blue solution was measured at
6.3. In this case, known volumes (1 to 5 mL) of the 0.05 M Cu(EDA),”" solution are
diluted with water to 25 mL (resulting in standards of 0.05, 0.04, 0.03, 0.02 and
0.01M). The solutions were then run on AASto create a calibration (Figure 2.2.) plot
for the determination of the Cu(EDA),”*concentration in subsequent samples.
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Figure 2.2 AAScalibration for the determination of Cu(EDA),”*concentration
0.05 M Cu(EDA),”" was then addedto 0.5 g of clay sample (with unknown CEC)in
a centrifuge tube, agitated for 30 min and centrifuged allowing the concentration of
the Cu(EDA),”* remaining in the supernatants to be determined. The CEC could then
be determined for the clay modifications listed in Table 2.7.
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Table 2.7 Clay modifications prepared for CEC determination
 Abbreviation Basic Mineral Modification
M~ -. MontmorilloniteK10 Unheated
M105 Montmorillonite K10 Heated to 105°C
M400 MontmorilloniteK10 = =—~—- Heated to 400°C
B Bentonite SWy-2 Unheated
B105 i 2 Bentoniie SW)2 __ Heated to 105°C
2.5.2 Batch Sorption Experiments
Batch sorption experiments were used to generate the majority of data to be used in
this work. A typical batch sorption experiment involved a variety of mineral amounts
ranging from 5 mg to 500 mg. These were each combined with an aliquot of chiral
organophosphorus compound at constant concentration and agitated by means of
end-over-end shaker or a clamp shaker usually for a period of 48 h (enough for the
components of the suspension to equilibrate). The samples were then centrifuged in
order to isolate the supernatant, of which 100 pL was removed and prepared for GC
analysis. A blank was simultaneously prepared without the presence of clay and
subjected to identical conditions throughout. Table 2.8 lists the variables for batch
sorption experiments adhering to the above genericrecipe.
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Table 2.8 Variables for selected batch sorption experiments
 Sorbate Sorbent Conc. of Vol. of Amounts Solvent
sorbate sorbate of sorbent
(mg/L) (mL) (mg)
 
  
    
   Acephate ~ Quartz ee “104.3
200, 500
      ‘Kaolinite (1043. +~—~*<0.75-~Stst«~C*«*S«C', 20,,~SS ACN
50, 100,
200
Acephate
      
   
 
‘Acephate Allaminoacid- 100.8 0.75. ~—~—~*0,; 10,20, _—MiilliQ
modified 50
montmorillonite
K10s
  
“Deep-sea-—s—«d100.3.—=—«—=“<«é«‘SU:CSt*«<CS*«, 5, 100,
sediments 200
  acephate MilliQ.
The following proceduresalignto the initial generic recipe unless otherwisestated.
2.5.2.1 Acephate and Bentonite SWy-2 at variedpH
500 mg bentonite SWy-2 (unmodified) was weighedin to five 35 mL polycarbonate
centrifuge vials. 25 mL of acephate solution (100.4 mg/L) in MilliQ was then added
to each vial and the pH altered to 11, 9, 7, 5 and 3 using hydrochloric acid and
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sodium hydroxide solutions. Suspensions were equilibrated for 48 hr at 25°C and
700 rpm by planar agitation. They were then centrifuged at 10,000 rpm for 30 min
and 200 uL of the supernatant removed in quintuplicate from eachvial.
2.5.2.2. Acephate and Amino Acid-Modified Bentonite SWy-2
50 mg samples of the each complex (including a blank SWy-2 bentonite prepared
identically to the rest of the complexes but with MilliQ water only) were added to
2mL solutions of racemic acephate (100.9 mg/L) in MilliQ water. A blank containing
only the racemic acephate was also prepared. The resulting suspensions were
equilibrated while agitating for 48 hr at 25°C then centrifuged. 200 pL of the
supernatant was removed for GC analysis after 30 min of centrifugation at 10,000
rpm.
2.5.2.3 Effect ofAcephate Concentration on Bentonite SWy-2 Basal Spacing
100 mg of bentonite SWy-2 (<2um fraction) was weighed into five 12 mLplastic
Sterillin vials with 10 mL acephate in MilliQ water at concentrations of 50, 100, 200,
500, 1000 mg/L. They were then equilibrated with a planar agitator and pumped
through a microporefilter and dried for 30 min at 60°C. The partially dried disc of
clay was then mounted onto a slide ready for XRD analysis. Such analysis was
carried out by Dr. Steve Crowley of the University of Liverpool’.
2.5.2.4 Initial enantiomeric excess experiment
A basic batch sorption experiment was set up with variations to determine whether
an initial enantiomeric excess an acephate solution will affect the extent of selective
sorption seen at the Montmorillonite K10 surface.100 mL of acephate in MilliQ
water (500mg/L) was added to 500 mg of montmorillonite K10 and equilibrated for
48 h. The supernatant wasthen used as the acephate containing solution for a repeat
of the same procedure. The cycle is repeated four times.
2.5.2.5. Acephate and activated copper precipitate
500 mg of the activated copper and 500 mgofthe activated L-lysine-copper complex
were weighedin to separate 7 mL vials with 2 mL acephate (100 mg/L) in aqueous
 
> Conditions: Step scan mode from 3 to 65°20 with step increments of 0.02°2@ and a counting time of
2 seconds perstep using a Siemens 500D X-ray diffractometer (fitted with a graphite monochromator,
1°divergence and anti-scatter slits, 0.15° detector slit), and Cu Ka (A= 1.5419 A)radiation generated
at 40 kV and 30 mA.
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solution added to each vial. A blank of aqueous acephate solution only (100 mg/L)
was also prepared The batches were then equilibrated throughagitation for 72 h and
the supernatant removedafter centrifugation for 15 min at 3000 rpm. The remaining
precipitate was weighed to determine total copper content. The batches were
prepared in quintuplicate.
2.5.2.6 Temperature Modifications
It has been suggested (Reddy et al. 2009) that heating of 2:1 clays to high
temperatures can lead to collapse of the interlayer as the water is driven out. As well
as significantly affecting the sorptive capabilities of clay it may give insight into
where enantioselective sorption might be happening. Consequently, a series of
simple batch sorption experiments were carried out involving acephate and clays
subjected to temperatures of 400°C, 105°C and room temperature (25°C).
2.5.2.7 Determination of Vial Wall influences
In the case of pyrethroids, vial wall sorption can provide significant interference (J.
L. Zhouet al. 1995). Consequently, a simple experiment was set up to determine the
influences of the vial wall on sorption and enantioselectivity for acephate at the
mineral surface. Acephate in aqueous solution was placed in three polypropylene
vials and three glass vials. 100 pL was then removed for GC analysis immediately,
after 24 h and after 48 h respectively. The experiment was carried out in
quintuplicate.
2.5.3 Scanning Electron Microscope (SEM) Images and spectra
A Philips XL30 SEM wasused to produce secondary (SE) images ofa selection of
modified montmorillonites. The modifications were all made using montmorillonite
K10 and are listed in Table 2.10.
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Table 2.9 List of montmorillonite K10 clays modified for SEM analysis
 Montmorillonite K10 Codenamefor analysis
modification/treatment
Acid washed ne ve ACID
Copper-exchanged (CuSOs), CU
Sodium-exchanged (NaCl) ae NACL
Pyrolysis + sodium-exchanged (NaC) | NAPYRO
Pyrolysis. | oe PYROS
 
The samples were mounted on 12.5mm aluminium stubs and coated with
gold/palladium using a sputter coater. The images were taken using a 20kV electron
beam emitted from a tungsten filament. The spot size was 5.5 (beam area) with a
working distance of about 13mm.
Energy dispersive x-ray spectroscopy was used to determine the elemental make up
of the sample with an Oxford Instruments ISIS system.
2.6 Chromatographic Methods
2.6.1 Gas Chromatography
GC is a technique that can be used to separate organic compoundsthatare volatile. A
gas chromatographconsists of a flowing mobile phase, an injection port, a separation
columncontaining the stationary phase, a detector, and a data recording system. The
organic compounds are separated due to differences in their partitioning behaviour
between the mobile gas phase andthe stationary phase in the column. Mobile phases
are generally inert gases such as helium, argon, or nitrogen. The injection port
consists of a rubber septum through which a syringe needle is inserted to inject the
sample. The injection port is maintained at a higher temperature than the boiling
point of the least volatile component in the sample mixture. Since the partitioning
behaviour is dependent on temperature, the separation columnis usually contained in
a thermostat-controlled oven. Separating components with a wide range of boiling
points is accomplished by starting at a low oven temperature and increasing the
temperature overtimeto elute the high-boiling point components.
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GCis frequently used for the chromatographic resolution of environmental pollutants
and has been for half a century (Bennett et al. 1958; West et al. 1959; Levadie &
Harwood 1960; Rushing 1958). Furthermore, enantiomeric resolution of chiral
species on GC hasbeenin operation for several decades (KG6nig et al. 1988; Pirkle et
al. 1980; Gassmann 1981) including the first separation of enantiomers on capillary
column using gas chromatography by Emanuel Gil-Av (1966). The application to
chiral environmental pollutants dates to the early 1990s (K6nig et al. 1991; Buser &
Mueller 1994; Buser & Mueller 1995; Huhnerfuss et al. 1992; Hiihnerfuss &
Kallenborn 1992; Hihnerfuss et al. 1993). Despite the emergence of several
alternative techniques(e.g. liquid chromatography (LC) and capillary electrophoresis
(CE)) for the enantiomeric resolution of chiral pollutants, GC still maintains its status
in this field. GC remains useful, largely because the relative peak area of the analyte
can be determined with such high precision. Additionally, Ridal et al. (1997) made
the point that variations in recovery rates do not affect the determination of the
enantiomeric ratio (ER) or enantiomeric fraction (EF) values whereasthe precision in
measuring absolute concentrations of trace organics can vary greatly. As such, GC
has been used almost exclusively for the resolution and quantification of chiral
organophosphorusenantiomers throughout this work.
The majority of analyses were conducted on a Hewlett-Packard HP 5980series II gas
chromatograph equipped with a capillary column with a cyclodextrin stationary
phase (CYCLOSIL-B) of dimensions 25 m, 0.25 mm I.D., 0.25 um film thickness
purchased from J & W Scientific, UK. In some early analyses the GC was coupled
with a flame ionisation detector (FID) but an electron capture detector (ECD) was
soon found to give improvedsensitivity. GC analysis throughout this work has been
almost exclusively focussed on the detection of acephate in various solvents. GC-
ECDis frequently used in the detection of organochlorine (OC) compoundsdueto its
high sensitivity, excellent separation efficiency and speed of analysis (Garrido
Frenich et al. 2003).With run times of less than 30 minutes and complete resolution
of both enantiomers without the need for a derivatization step, as well as the ready
availability of the instruments in the laboratory, GC-ECD became the method of
choice for the resolution and detection of acephate.
Batch sorption experiments had largely been carried out in aqueoussolution in order
to give some comparability with interactions in the environmental conditions.
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However, the low volatility of water and its incompatibility with a capillary column
or an ECD meansthe analytes had to be dissolved in acetonitrile (ACN). This
involved evaporating the water at an accelerated rate under nitrogen gas leaving the
analyte dry and then redissolving in the same volume of ACN.
Chromatographic conditions were developed over the course of the project, with
alterations being made to account for new and conditioned columns. Typical
conditions for the analysis of acephate were:
1 pL of acephate solution (ACN) is injected into the capillary column through the
splitless injection port. The injector was purged for | min after the injection is made
to avoid overloading of the column. Helium was used as the carrier gas while an
argon methane mixture (10% methane) was used as the make-up gas. The initial
temperature of column was 80 °C which was maintained for 1 min before increasing
at 10°C per min to 158°C. The temperature was then maintained isothermally for a
further 21.2 min, a total run time of 30 min. The injector and ECD wereset at 220°C
and 250°C respectively. These conditions were developed to give the best resolution
of enantiomers that could be achieved but with a retention time that was short
enough to enable efficiency in overall analysis. An example of a resulting
chromatogram for acephate run under these conditionsis illustrated in Figure 2.3.
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Figure 2.3 Gas chromatogram of acephate enantiomers in ACN (~100 mg/L).
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2.6.2. Montmorillonite K10 as a packing material in a high performance liquid
Chromatography (HPLC) customised column
As discussed in detail in the previous chapter, there is significant demand for the
manufacture of enantiopure chemicals. Although some synthetic fabrication of
individual enantiomers does take place in the pharmacological, flavour development
and agricultural industries, the vast majority involves production in racemic
mixtures. Despite understanding the environmental advantage of enantiopure
chemicals, this continues to be true predominantly due to the high cost of
enantiopure synthesis on industrial scales. Consequently, demand for cost reducing
proceduresis strong. In this work it was decided that an experiment would be set up
to determine whether the apparent selective behaviour observed between acephate
and montmorillonite K10 could be harnessed to begin the development of an
enantiopurification technique. The aim was to manufacture an HPLC columnpacked
with montmorillonite K10 serving as the stationary phase to pass a solution of
acephate through it and quantify the enantiomeric fraction to see if the ratios had
changed. An Agilent 1100 HPLC system with DAD UV-detector was used for
preparation of the column and the running of samples.
The preparation of the column involved removal of the packing (silica with C18
stationary phase) in a small column (150mm x 4.6 mm I.D.) before soaking
(overnight) in Decon 90. After rinsing and drying, the column wasthen filled with
pyrolysed montmorillonite K10 using a small funnel and a ramrod (sterile copper
stirring rod). Once superficially filled it was connected to the HPLC pump and ACN
was passed through it. Due to the extremely small particle size of the clay, the
pressure of the system could become quite high. It was allowed to rise to 200 bar
before being shut off and the column removed. Under pressure the clay had
compacted and more could be added. The process was repeated a numberoftimes
until, at a pressure of 200 bar the column was fully packed. The column was then
sealed ready for the experiment.
1. The detectability of acephate on the DAD UV-detector was assessed by a
series of repeat runs through a similar column packed with a C18 stationary phase.
The acephate peak wasidentifiable but too broad to be quantifiable. It was isolated
and prepared for GC analysis.
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nn The custom made column was installed and acephate in aqueous solution
(500 mg/L) was injected (1 nL) with the mobile phase consisting of a water:MeOH
mixture at a ratio of 20:80. Run time was 30 min at 0.03 mL/min with a pressure of
197 bar.
3. The fraction was between 10 and 30 min taking into account tube lengths
before and after the column.
4. The fraction was prepared for GC analysis and run under the identical
conditions (detailed above) as previous acephate detection.
The procedure wasrepeated 5 timesto increase reliability and between each acephate
run an injection (1 pL) of water only was made under the same conditions. In
addition, the needle wasrinsed in the injection port for 30 s before each injection.
It is important to note here that not all the acephate was removed from the stationary
phase using this method. It is for this reason that analysing a fraction on GC can
yield information on enantiomerselective sorption processes. If all the eluent were
removed, the enantiomers of acephate would, of course, prove to be present in a
racemic mixture.
2.6.3 Quantification of the Analyte using GC
2.6.3.1 Calibration
For each batch sorption experiment executed, a calibration was carried outin order to
quantify the analyte in question. This typically involved the preparation ofat least 4
standard concentrations of the analyte run in triplicate. The concentration was then
plotted against the mean peak area of the three repeat runs showing a linear
relationship from which the concentration of unknown samples can be determined
using the gradient of the linear trendline. A typical calibration plot is provided in
Figure 2.4:
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Figure 2.4 Calibration plot for D-enantiomer of acephate
Each standard wasprepared in a manner mimicking the preparation of the samples.
For example, the standard would be made up as an aqueoussolution before being
dried and redissolved in ACN ready for GC analysis. This meansthat any potential
humanerrorin the sample preparation is mirrored in the calibration.
2.6.3.2 Peak area integration
The software ChemStation (Agilent, UK) was used for processing the
chromatograms and allowed manual and automatic peak area integration. Due to
small imperfections in the chromatograms, the software was unable to automatically
integrate the peak areas with any degree of reproducibility. Subsequent manual
integration simply involved using the mouse to draw line across the base of the
peak and allowing the software to calculate the internal area of the peak. Although
this appears to be subject to significant potential humanerror, in reality the process is
repeated so many times that the operator can draw a line of the same length and
angle from the horizontal with remarkable reproducibility.
2.6.3.3 Reproducibility
Reproducibility was ensured throughout all batch sorption experiments by running
each set of samples in quintuplicate from the beginning of the experiment. The mean
and standard deviation was then calculated for each data set and used to produce
error bars on the final plots. This not only applies to the sorption of sorbate but also
to the subsequently calculated EF. In each run, the EF was calculated, averaged over
all replicates and the standard deviation determined.
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It was also important to look at EF reproducibility from the same standards or
samples run repeatedly. This gave an indication of the precision of the results; a
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factor that was fundamentalto the significance of EFs determined by batch sorption
experiments. The precision wascalculated by repeat running (5 times) a selection of
acephate standards. The range was designed to represent values that might be
encountered in supernatants from a numberof sorption experiments. The average
EFs werecalculated along with the percentage of relative standard error (%RSE) for
each set of peaks (Table 2.10 ).
Table 2.10 % RSE for raw uncorrected EF values for a range of acephate concentrations
determined by GC
 Standard Concentration Average EF % RSE
103.405 0.4974 0.25,
73.86 0.4976 0.27
Si70 0.4979 0.37
25.85 0.4989 0.22
12,93 01083 a0237
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The % RSE wascalculated using equation 2.2:
SEx (Equation 2.2)Yerr = |==].100
Where EF and SEzrepresents the mean enantiomeric fraction and the standard error
of the mean, respectively. If the % RSE of a repeated standard is larger than the
observed variation in EF for any particular sample in a sorption experiment then the
result can be consideredstatistically “insignificant”.
2.6.3.4 Sample correctionfor batch sorption experiments
In batch sorption experiments, the concentration of the analyte remaining in the
supernatant was corrected relative to the standard, run for each respective
experiment. The corrected values (C,,;.) were calculated using a simple equation:
Ce
Ceore = Caps x Co.
Sobs
WhereC,,, represents the observed concentration of the sample, C,, the known
concentration of the standard and Cs,,, the observed concentration of the standard.
This allowed subsequentplots of sorption against mineral content to display sorption
of exactly zero when the mineral content was also zero. Furthermore, the EFs in each
batch sorption experiment were calculated from the C,,,,values for each enantiomer.
2.7 Assessmentof the extent of sorption at the vial wall surface
Simple batch sorption experiments were conducted involving no clay sorbent and a
set acephate concentration to determine the ability of polypropylene and glass vials
to sorb acephate and their effect on the EF. The batches were allowed to equilibrate
for varying lengths of time. After 0 h, 24 h and 48 little significant variation
between the two types of vial could be seen although there was a very small
reduction in the acephate present in the supernatant solution with increasing
equilibration time. In terms of enantiomerselective sorption onto the vial wall, there
wasverylittle deviation from the racemic state of acephate in supernatant although
the 24 h equilibrating period did appear to show a veryslight deviation below an EF
of 0.5,
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with polypropyleneorglass vials
Figure 2.6 The EF values for acephate in the supernatantafter increaslng equilibration times
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Figure 2.5 The amountof acephate in the supernatant (mg/L)after increasing equilibration
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2.8 Determination of the Cation Exchange Capacity (CEC)
The CEC of montmorillonite K10 and bentonite SWy-2 was calculated from
experimental data in order to make comparisons to sorption experiments from other
sources more reliable. Additionally, by obtaining CECs for the clays with varying
temperature pre-treatments, the results can be used to complement previous
experiments to investigate the effects of heat treatment on the internal structure and
sorptive capabilities of the studied clays. In the case of montmorillonite K10 the
CEC values correlate with the sorption results for the previous experiment. An
increase in the pre-treatment temperature results in a decrease in the CEC. A
reduction in CEC of ~16 % is observed between the unheated and the 400°C pre-
heated montmorillonite K10 batches. Bentonite SWy-2 showed a small decrease in
CEC between the unheated and 105°C pre-heated batches.
Table 2.11CECvalues for a variety of K10 and SWy-2 clay temperature pre-treatments
 Clay pre-treatment CEC meq/100g
unheated — es : 83.7
105 81.7
400 | ; 70.6
BO 77.8
B105 152
The results of the experiments described in this chapter and subsequent detailed
discussion are presented in Chapter 3, predominantly in the chronological order in
which they were conducted.
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CHAPTER 3 ADSORPTION ON UNMODIFIED MINERAL
SURFACES
Adsorption of the chiral organophosphorusinsecticide (OP), acephate (Figure 3.1),
on the surface of naturally occurring minerals has been extensively studied
throughout this work. A variety of conditions and chemical modifications to the
sorbent have been prepared in the laboratory in order to improve understanding of
the fate of racemic acephate in the environment and the mechanisms involved in
enantiomer selective adsorption where this occurs. Enantioselective degradation (or
retardation — the slower adsorption of one enantiomer over the other) of chiral
pesticides in the environment has been widely observed and extensively studied
(Faller, Hiihnerfuss, Konig & Ludwig 1991; Kallenborn et al. 1991; Kallenborn &
Htihnerfuss 2001; Hiihnerfusset al. 1993; Ludwiget al. 1992; Qin et al. 2006; Zipper
et al. 1998; Faller, Hiihnerfuss, Konig, Krebber et al. 1991; Druzina & Stegu 2007;
Wiberg et al. 1998; Jantunen & Bidleman 1998; Lewis et al. 1999). Such selection
processes are widely thought to be dueto biotic processes and,in fact, are often used
as biological markers (Garrison 2006). However, recent evidence (Wedyan &
Preston 2005; Abid 2008) has thrown some doubt on this assumption and,thus, this
research investigates the possibility of abiotic enantioselectivity of an achiral mineral
towards a chiral molecule. As discussed in Chapter 1, a small amount of disputed
work has been conducted in this area with reference to amino acid sorbates (Degens
et al. 1970; Bondy & Harrington 1979) on the surface of several clays including
montmorillonite. So far, however, these investigations have not been extended to
chiral OPs and the present study is the first to consider the enantioselective
adsorption of an OPinsecticide by sterile, achiral mineral surfaces.
OAH3C
Figure 3.1 Chemical structure of acephate (O,S-dimethyl acetylphosphoramidothioate) with the
chemical formula C,NH,;y>NO3PS
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CHAPTER3 Results and Discussion
This research addresses the adsorption mechanisms for acephate onto mineral
surfaces and, to some extent, its fate within the environment. Morespecifically, the
chirality of acephate compounds and the minerals it binds to will be examined as
well as the effect this characteristic has on their transport in the environment. It is
hypothesised that some minerals found in soils and sediments in the environmentare
capable of abiotic, selective adsorption of a larger proportion of one enantiomer than
the other in the chiral pesticide, acephate.
Enantioselective GC (see Chapter 2) makes it possible to separate and quantify the
enantiomers of acephate enabling the calculation of an EF, which, as described in
Chapter 1, is used throughout as a means of assessing the enantioselective
capabilities of a variety of adsorbents.
This chapter presents the results of batch sorption experiments designed to assess the
enantioselective adsorption capabilities of a number of mineral sorbents towards
acephate. The implications of the results are discussed where relevant. An overview
of the sequenceis presented in Figure 3.2.
 
Acephate + Unmodified Clay
Batch Sorption Experiment
Acephate +
Kaolinite Acephate + K10
  
 
 
Acephate + AlO,       
Figure 3.2 Schematic representation of key experiments throughout this chapter. See respective
sections within this chapter for definitions of abbreviations.
The investigation begins with basic batch sorption experiments involving racemic
acephate and the minerals montmorillonite K10 (K10), kaolinite and aluminium
oxide. K10, kaolinite and aluminium oxide are known to be achiral minerals
although some worksuggests that kaolinite may exhibit chiral properties to a certain
extent(Degens et al. 1970; Jackson 1971; Brigatti et al. 2006). The sorption
experiments involve varying the amount of mineral in each batch while keeping the
initial sorbate concentration constant. After equilibration, the sorbate concentration
in each supernatant solution was quantified through GC analysis. The results are
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presented in a format whereby the percentage (%) of the sorbate adsorbed at the
surface of the mineral is plotted against the amount of mineral (mg) in each batch.
Whererelevant, the % sorption wasalso plotted against the total available mineral
surface (m’) calculated by multiplying the amount of mineral (mg) by the specific
surface area of the mineral (m’/g).
3.1. Acephate Adsorption on Montmorillonite K10
As discussed in Chapter 1, K10 is an acid treated montmorillonite used frequently for
catalysing organic reactions due particularly to its high specific surface area. The
structure is shown in Figure 3.3 below. Additionally, SEM micrographs and spectra
showing chemical composition for various modified and unmodified K10 samples
are included in Appendix | (Figures Al.1 — Al.5).
Key:
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Figure 3.3. The Hofmann-Endell-Wilm-Marshall-Maegdefrau-Hendricks structure of
montmorillonite layer viewed along the a axis (Hofmannet al. 1933). Basal spacing is given in
nm units. The drawing used here is from Luckham & Rossi(1999)
69
CHAPTER3 Results and Discussion
Increased amounts of K10, involved in batch sorption experiments saw a decrease in
the equilibrium concentration of the acephate in the aqueous supernatant (Figure
3.4). Five milligrams of the sorbent allows sorption of ~58% of the acephate present
in the initial solution. One would assumethat this is the sorption capacity for such an
amount of K10. Doubling the amount of sorbate to 10 mg, however, only resulted in
the sorption of about a further 16% of the acephate. Such a pattern continued
whereby further adsorption of the sorbate occurred in reduced increments as more
active sites becameavailable with increasing mineral additions.
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Figure 3.4 Acephate sorption (%) on the surfaces of montmorillonite K10 clay. Error bars
represent the standard error calculated for each data point.
Whilst coinciding in shape, this plot is not a Langmuir isotherm as the initial
concentration of the sorbate is constant throughout the experiment while the amount
of mineral varies. However,all the parameters are available to enable the description
of such a clay mineral adsorption experiment by the linear form of the Langmuir
equation:
1
Vn Ven
(Equation 3.1)
Bla
]O
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Where is the equilibrium concentration, x is the amount adsorbed per unit weight
m of clay while k and V,, are constants; the latter being identifiable with the
monolayer capacity of the adsorbent (Theng 1974). Adsorption can be said to
conform to the Langmuir equation if a straight line is observed when C/(x/m) is
plotted against C. The nearer the R’ valuefor a data set is to 1.0 the more closely the
adsorption conforms to the Langmuir equation. From Figure 3.5, showing the
Langmuir conformity plot for acephate on K10, a significant conformity can be seen.
This essentially means that by assuming there are a fixed numberofactive sites and
that only one layer of molecules can form on the clay’s surface, the more active sites
are filled the more difficult it becomes to adsorb molecules as competitions for sites
increases. Additionally, the amount of ionic adsorption cannot exceed that which is
allowed by the cation exchange capacity of the clay. However, other types of
interaction may occur freely. For example, molecular dipole interactions enable
acephate molecules to interact with each other as well as direct binding of acephate
to the clay surface. Nonetheless, observing whether adsorption conforms to the
Langmuir equation in a number of batch sorption experiments allows better
comparison of the mechanismsof adsorption. So, if each set of data conformsto the
Langmuir equation then the type of adsorption can be ruled out as a variable that
might affect the adsorption mechanism.If the data do not conform to the Langmuir
equation, however, there is very little that can be inferred as other mechanisms for
adsorption are possible. These include direct interaction at and even beneath the clay
surface as well as dipole interactions resulting in further acephate-clay and acephate-
acephate bondingprocesses.
a
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Figure 3.5 Langmuir conformity plot for acephate sorption on montmorillonite K10 clay
The enantiomeric fraction (EF) of the enantiomers of acephate in the supernatant
solution was calculated for the different quantities of K10 in each batch using
equation 3.2 below. The benefits of using EF to assess enantioselective adsorption
are discussed in Chapter1.
Ay (Equation 3.2)EF =———_A, + A,
The resulting plot (Figure 3.6) shows a clear trend of increasing deviation from an
EF of 0.5 with increasing clay amount. The initial EF of 0.5 represents the racemic
mixture of the two acephate enantiomers found in an aqueous solution with no
sorbent present. EF values above 0.5 indicate greater proportions ofthe first eluting
enantiomer(in the case of acephate, this is the (+) enantiomer) over the second (the
(—) enantiomer) whereas with values below 0.5 the abundanceof the secondeluting
enantiomer is higher than the first. Increasing additions of clay result in a linear
increase of the EF. Since these values are for the acephate enantiomers present in the
supernatant they indicate preferential sorption of the (—) enantiomer to the K10
surface. Increasing clay additions result in further deviation from the racemicstate in
a linear fashion.
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Figure 3.6 Enantiomeric fraction (EF) for acephate enantiomers in the supernatantafter
adsorption at the surfaces of K10 clay. Error bars represent the standard errorcalculated for
each data point.
By plotting the amount of acephate sorbed to the surface of the sorbent against the
enantiomeric fraction calculated from the same experiment it becomes easier to
deduce the extent, pattern and consistency of the enantioselective nature of the
sorbent. Furthermore, insight into the way the sorbate molecules bind to a substrate
surface may be gained. Such deductions can be madebyidentifying any apparent
trends and assessing the extent of such trends’ conformity to the data points. Figure
3.7 showsa trend in the data points whereby steadily increasing adsorption results in
an apparent (although not calculated) exponential increase in enantiomeric fraction,
or deviation from a racemic state. It appears that the more the acephate molecules
bind at the sorbate surface, the more enantiomer selective the sorption processes
become. This suggests that the presence of the acephate molecules at adsorptionsites
affects the extent of enantioselectivity in the continuing adsorption process. In other
words interaction between acephate enantiomers must be enantioselective. The
molecular dipole interaction may be an independent binding mechanism for acephate
or it may simply affect the adsorption of acephate by other means. In any case,it is
probable that this interaction enables enantiomer specific adsorption as a chiral
environmentis provided by the presence of asymmetric enantiomers of acephate in
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uneven proportions. This is acceptable in the latter stages of equilibration once
enantioselective adsorption has already begun and would explain how the preference
increases as more acephate is adsorbed. However, while the initial coverage of
acephate is racemic it should not be possible for acephate-acephate interactions to
begin showing an overall enantiomer specific preference. Perhaps the required initial
chiral environment could be provided by the interaction of acephate enantiomers and
adsorption sites on the clay surfaces. (See Palyi et al. 2004 and others).
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Figure 3.7 EF values plotted against Acephate sorption (ug) on K10
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3.2 Acephate Adsorption on Kaolinite
Kaolinite was substituted for K10 in a similar batch sorption experiment. The
structure is shownin Figure 3.8.
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Figure 3.8 The structure of Kaolinite, as depicted by Julg & Ozias (1988)
In batches of 5 and 10 mg of kaolinite, adsorption of acephate was undetectable
(Figure 3.9). However, with increasing quantity of sorbent 20 mg and above, we see
an increase in the acephate sorption. Between 10 and 100 mg, the amount of
adsorption increases in a similar fashion to the montmorillonite K10 whereby the
adsorption increases by smaller increments as more sorbent becomesavailable.
Between 50 and 100 mg, however, the increase appears to be linear. Overall the
extent of adsorption does not conform to the Langmuir equation with no trend being
observed whenthe equilibrium concentration divided by the amount sorbed per unit
mass of clay is plotted against the equilibrium concentration alone (Figure 3.10).
This suggests that the mechanism for adsorption is different from that on K10 where
competition for sorption at active sites is present and retards further sorption. Perhaps
the properties or structure of kaolinite provide an environment where sorbate
molecules can bind with less competition for active sites. Adsorption in multiple
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layers may occur moreeasily in kaolinite’s interlayer spaces than in that of K10 and
perhaps the edge sites provide a more accessible environmentfor adsorption.
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Figure 3.9 Acephate sorption (%) on the surfaces of kaolinite. Error bars represent the
standard error calculated for each data point.
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Figure 3.10 Langmuir conformity plot for acephate sorption on kaolinite surfaces
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On the other hand, it is of note that in comparison with K10 significantly more
kaolinite was required in the experiments in order to achieve a similar extent of
acephate removal from the supernatant. This is presumably due to the difference in
surface area of the two sorbents used. Figure 3.11 presents the % sorption plotted
against the available surface area of sorbent for each batch. Presenting the datain this
way enables better comparison of the sorptive capabilities of K10 and Kaolinite and
in this case reveals that although the sorption on kaolinite appears to be closer to
being linear (Figure 3.9) there are not enough data to confirm this. In fact, sorption
on kaolinite is in keeping with that on K10 and may have continued in such a way if
more surface area had been available.
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Figure 3.11 The percentage sorption of acephate on the surface of montmorillonite K10 and
kaolinite clay plotted against the total available surface area for a given batch. Eachpoint
represents the result of an individual batch within the sorption experiment.
It is apparent from the EF plot for acephate on the kaolinite surface (Figure 3.12) that
no preferential adsorption of either enantiomer occurs in any of the batch sorption
experiments with less than or equal to 100 mg clay additions. There is some variation
in EF but it occurs within the range ofthe error. It is not until 200 mg of sorbentis
present that significant preferential adsorption of the (—) enantiomer can be observed
on the clay surface.It is important to note the difference in scale in comparisonto the
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EF plot for K10; so while significant, the maximum preference obtained through the
current experiments is much weaker.
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Figure 3.12 EF values for acephate enantiomers in the supernatant after adsorption at the
surfaces of kaolinite clay. Error bars represent the standarderror calculated for each data
point.
However, by plotting the EF for acephate enantiomers on kaolinite and K10 against
the total available surface area in each batch (Figure 3.13) it can be seen that the two
clays do, in fact, show similar enantiomerselective preferences and, thus, adherence
to similar adsorption mechanism should not be ruled out. Furthermore, it is possible
to project the trendlines forward for each data set in order to predict the EF as surface
areas increase beyond those used in this experiment. In this case, it is valuable to
project the kaolinite trendline forward so that EF can be predicted for surface areas
as high as those of K10 and thus makethe full sets of data comparable. A similar
trend to that of K10 is observed, although the magnitude of the maximum enantiomer
selective preference shown by K10 is ~35 % larger than that of the forecasted
maximum for kaolinite.
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Figure 3.13 The EF calculated for enantiomers of acephate adsorbed on the surface of
montmorillonite K10 and kaolinite clay plotted against the total available surface area for a
given batch. Each point represents the result of an individual batch within the sorption
experiment.
Someinsight into the mechanism of preferential enantiomer selection by kaolinite
towards acephate can be taken from the result of plotting acephate sorption on
kaolinite against the subsequent EF values (Figure 3.14). There appears to be no
rapid acceleration in deviation from the racemic state (EF of 0.5) with increased
sorption as was seen in the case of K10 (Figure 3.7). This implies that the presence
of acephate molecules already bound to kaolinite by whatever meanshasnoeffect on
the extent of enantiomer selectivity shown by kaolinite throughout the adsorption
process. Hence,a chiral environmentis not provided by the interaction ofinitial non-
racemically adsorbed acephate molecules and the kaolinite surface, or if there is such
an environment,it has no affect on further enantioselective processes.
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Figure 3.14 Acephate sorption (1g) on kaolinite plotted against the subsequent EF values
3.3. Acephate Adsorption on Aluminium Oxide Powder
69.98
In sorption batches involving acephate and aluminium oxide significant sorption is
only observed in the presence of 100 and 200 mg ofsorbent. Only a relatively small
amount of acephate is adsorbed from the supernatant solution. Also, less adsorption
appears to occur in the 200 mg sorbate batch than in the 100 mg batch. This is
unlikely to be a real occurrenceas the relatively large error bars indicate the likely
lack of statistical difference between the twopoints.
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Figure 3.15 Acephate sorption (“%) on the surfaces of aluminium oxide. Error bars represent the
standarderror calculated for each data point.
The plot of EF for sorption on the aluminium oxide surface shows very little
evidence of enantioselective adsorption. Only in the 50 mg batch is there any
significant deviation from the racemic state of acephate enantiomers. However,
considering the extremely low level of adsorption of acephate in this batch it is
unlikely that this is a reliable result.
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Figure 3.16 EF values for acephate enantiomersin the supernatant after adsorption at the
surfaces of aluminium oxide. Error bars represent the standard error calculated for each data
point.
From the results so far, it can be inferred that some of the sorbents, namely K10 and
kaolinite, have an inherent ability to distinguish between enantiomers of acephate.
Such a distinction is thought by many to be impossible due to the lack of chirality in
the sorbents’ crystal structures. Some argue that kaolinite does actually have some
chirality (Jackson 1971) whereby catalytically active faces of the crystals act as
specific templates which preferentially adsorb and polymerize particular amino acids
with the L-configuration.They hypothesise that this is possibly due to an electrical
dipole creating asymmetry within the structure. On one side of the structure there is a
negatively charged [SiOs]” layer, while on the other there is positively charged
[AbOH,]” which results in linear asymmetry. However, Jackson (1971) admits that
it is difficult to ascertain whether this is the cause of the observed specific
enantiomer selection as the chirality of the sorbate enantiomers exhibit three-
dimensional asymmetry. On the other hand, it is generally agreed that
montmorillonite has no chirality associated with its crystal structure (Bonner 1991).
Despite this, there has also been reported a preference by bentonite clay
(montmorillonite) towards the adsorption of some L-amino acid enantiomers over the
corresponding D- enantiomer (Bondy & Harrington 1979).
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The results detailed above raise several questions about why and how such
observations might come about. How can a clay mineral, widely accepted to be of
achiral crystal structure show a preference to a specific enantiomer of a chiral
compound? What are the chemical mechanisms involved in the binding process?
Where do such interactions occur within the sorbent structure? Assuming that the
enantiomer selective preference by both clays is real, then such a distinction must
presumably occur at a limited numberof positions associated with the sorbent. This
could be throughinteraction by either reaction with, or replacement of, any interlayer
species. It may also occur at a surface of the clay’s tetrahedral silicate or octahedral
aluminosilicate layers either within the interlayer space or at the layers’ edgesites.
Additionally, the effects of initially adsorbed sorbate on the way any further
adsorption occurs should not be ignored. Further experimentation in this work aims
to shed light on the different aspects of adsorption questioned here.
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CHAPTER4 ADSORPTION ON MODIFIED MINERAL
SURFACES
The strong sorption of acephate to the surface of K10 with its large adsorption
capacity and, in particular, the enantioselective nature of such sorption encouraged
further investigation of the relationship. By pre-treating the K10 and making small
modifications to the interlayer components it was hoped that insight could be gained
into the enantioselective mechanisms at the sorbate—sorbent interface. This chapter
documentsa series of batch sorption experiments involving K10 subjected a number
of such pre-treatments and surface modifications. The implications of the results are
discussed where relevant. Figure 4.1 provides a summary of experiments in this
chapter while emphasising the sequential nature of their development.
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Figure 4.1 Schematic representation of the order of key experiments throughout this chapter.
See respective sections within the chapter for definitions of abbreviations.
4.1 Batch sorption experiments with acephate (100.9mg/L) and
montmorillonite K10 with various pre-treatment methods
Five K10 modifications were prepared for batch sorption experiments with acephate.
Two modifications were prepared by interlayer cation exchange processes resulting
in a mono-cationic interlayer environment of Na’ (K10na) cations and one of Cu*
(K10cy) anions. These particular modifications would hopefully give an idea of the
influence of different interlayer ionic cations on the adsorptive and enantioselective
capabilities of the sorbent as a whole. A further treatment was applied by pyrolysing
some of the Na-exchanged K10 (K10pna). This meant that a direct comparison
between a pyrolysed and non-pyrolysed sorbent with a single, known interlayer
exchangeable cation could be made. This is one way of looking at the effect of
pyrolysation on the sorptive and enantioselective capabilities of the sorbent and
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whether any effect is due to the removal of biotic contamination or from structural
changes caused by the high temperatures. An additional application to raw
montmorillonite K10 involved acid treatment (K10,cip) so as to improve control
over the pH of the sorbent environment and to assess the effect on adsorption and
enantioselectivity. The unmodified K10 (K10p), acting loosely as a blank for this set
of experiments, was pyrolysed for the purpose of removing organic contamination. A
quick reference table of abbreviations for section 4.1 is included below:
Table 4.1 Abbreviations for K10 pre-treatments and modifications in section 4.1
 Abbreviation Pre-treatment/Modification
K10p  Pyrolysed K10 clay
K10Na | Na-exchanged K10 clay
KOpNa ae A _ Na-exchanged and pyrolysed K10 clay
K10qcip "Acid treated K10 clay (pH 4)
K10cu pe _ Cuexchanged K10
All the modifications strongly adsorbed acephate from the solution (Figure 4.2) in a
similar pattern to that previously seen with K10 batch sorption experiments. The
similarity between adsorption for the different modifications is notable with most
differences falling within the boundsofstatistical error. However, it does seem that
K10p wasable to adsorb the most acephate in most ofthe batches. K10acip provided
the least adsorption in the batch with the largest mineral content but only by a very
small margin.
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Thereare also signs of step in the sorption plot for K10cy, The step occursin the 10
mg batch and could result from a numberof causes and could give insight into the
mode of adsorption at the clay surface. A perfect Langmuir isotherm or conformity
to the linear form of the Langmuir equation assumesthat the adsorption must occur
as a monolayerin the interlamellar spaces of the sorbent. However, variation in the
form of a stepped isotherm meansthat adsorption energies must be changing en route
to equilibrium. The sorbate is certainly capable of forming a bilayer within the
sorbent’s interlayer space and thus, there must be a point at which the adsorption
mode changes from being a solely sorbate-sorbent interaction, to one where the
sorbate can also interact with already bound molecules. Such actions are greatly
dependent on layer charge. An increase in the layer charge means a greater amount
of cations are needed to neutralize the structure and the more likely they are to
interact with each other during the equilibration process. For example an ion that
forms a monolayer in bentonite SWy-2 will probably form a bilayer in vermiculite
because of the latter’s higher surface charge density. As well as the formation of a
bilayer, increasing amounts of sorbate in the interlayer can result, depending on the
size and shape of the sorbate, in the formation of a paraffinic layer (described in
Figure 4.3).
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Figure 4.3 Examples for possible arrangements of large and small organic cations in clay
mineralinterlayers as a function of the layer charge of the clay mineral (Cornejoetal. 2008)
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The overall affinity of the sorbate for the clay depends on the nature of both the
sorbate and the sorbent. For example a hydrophobic sorbate will have a higher
affinity to bentonite SAz-1 (higher charge) than bentonite SWy-2 (lower charge)
because the increase in the number of modifier molecules in the interlayer space,
present as layers or in a paraffinic structure, means there is less space for water
molecules (Cornejo et al. 2008). The same mayapply for smaller modifier molecules
where an increase in layer charge of the clay will not necessarily mean doubling up
of the layers but will mean a decrease in the free space in the interlayer. Presumably
polar, hydrophilic sorbates will have a greater affinity for lower charge clays. Either
way, a stepped isotherm can indicate cooperative interactions among the adsorbed
molecules (Konda et al. 2002). Such interactions, perhaps in the form of surface
polymerization, multilayer sorption, or stereochemical interactions, cause the
adsorbing molecule to becomestabilized on the clay surface within the interlayer
space and thus they produce an enhancedaffinity of the surface for the sorbateas its
surface excess increases (Sposito 2008). At this point stereochemistry can become
important and enantioselective adsorption viable as small chiral environments may
form stochastically. It is then conceivable that an enantiomeric dissymmetry might
then propagate across the whole surface due to steric interference from the already
adsorbed species. Nakamura et al. (1988) describe an analogousprocess involving
active Ru(phen)3;*" and Na-montmorillonite. Briefly, they explain that a surface
loaded with an enantiomeric excess should exhibit strong enantioselectivity towards
further adsorption of a chiral molecule. This is because unoccupied spaces on the
partially loaded surface will only accept enantiomers of opposite form into adjacent
spaces as a result of steric interference. Fundamentally, the enantiomeric form ofthe
initial molecules adsorbed and the way they orient themselves at the mineral surface
appearsto be vital in determining the overall selectivity and adsorption capability of
the surface.
In general, the pre-treatments and modifications had verylittle overall effect on the
sorption of acephate to the montmorillonite surface (Figure 4.2). It is interesting to
note here that SEM micrograph images taken of dried samples for each K10
modification in this section show very little visual variation between batches.
Furthermore, the chemical compositions observed in the respective SEM spectra
were very similar in each case. The SEM micrograph images and spectra are
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presented in the appendix in Figures Al.1 — Al.5. Nonetheless, Figure 4.4, showing
the Langmuir conformity plots for the five pre-treated K10 surfaces, can be
interpreted to support the idea that two of the pre-treatments cause a change in the
sorption mechanism. Batches with K10p, K10na and K10pnaall yield R? values above
0.9. This indicates conformity to the linear form of the Langmuir equation. However,
the K10c,batch resulted in a low R? value of 0.48 while the K10acip batch reveals no
sign of a proportionalrelationship at all. Results such as these indicate that the mode
of sorption does not conform to the linear form of the Langmuir equation but they do
not give any clue as to what the actual mechanism maybe.
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The plots of EF variations for different pre-treatments and modifications of K10
(Figure 4.5) yield some interesting results. K10p shows significant enantiomer
selective adsorption of acephate and of a similar order to that seen in Section 3.1.
However, in this case, the preference is towards the (+) enantiomer despite the
conditions for experiments being essentially identical. All the pre-treated and
modified clays display some enantiomer specific selection and all towards the same
enantiomer. K10acip and K10pna displayed the least preference to the (+) enantiomer
overall and had the largest error with the significance of the preference being
relatively small. On the other hand, K10na showed a very strong preference to the (+)
enantiomer in the batch with 50 mg of the clay. The selectivity did not increase
further in the 100 mg batch. K10calso enantioselectively adsorbed acephate in
batches up to 50 mg but the 100mg clay batch was unavailable for analysis.
It is clear that enantiomerselective sorption has occurred in at least some ofthe pre-
treated batches. However, the remaining three batches show significant selective
adsorption, at least once the sorbate is present at 50 mg or more. The K10pna and
K10acip exhibit weaker enantioselectivity that is only significant (i.e. greater than
the range of the standard error for the data) in the 50 mg batch. This is enough to
suggest the specific enantiomer preference is a real observation. Several questions
are raised by these observations,in particular:
(1) Why does the observed enantioselective adsorption hold a preference for the (+)
enantiomer when in previous experiments under similar conditions K10 has shown a
preference to the (—) enantiomer?
(2) Whyis there such a marked difference between the enantioselective capacities of
Na-—exchanged K10 with and without pyrolysis?
In the initial set of K10 sorption experiments where the (—) enantiomer was
preferentially adsorbed, it was suggested that the reason for any enantioselective
adsorption at all was simply through chance, resulting in a number of neighbouring
sorbate enantiomers being of the same sign. A chiral environment would arise and
may result in further adsorption being enantioselective. Such unichiral domains
resulting in achiral surfaces becomingchiral have been documented (Haqetal. 2009)
and are discussed towards the end of the chapter. This coincidentalinitiation of a
chiral environment and subsequent enantioselective adsorption might explain the
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difference in sign of the enantioselectivity between experiments and perhaps answer
the first question posed above. However, the set of experiments involving pre-treated
K10 involved five separate experiments, all of which exhibited some level of
preferential adsorption of the same enantiomer. This is unlikely to have occurred by
chance. Furthermore, the data for each individual experiment is obtained byat least
three repeat runs, which makes the idea that chance alone could determine the
enantiomerpreference of the sorbent in a given experimentunlikely.
Other work has shown that soils of the same mineral composition, which have
displayed enantioselective adsorption of certain organic pesticides, can switch their
enantiomer preference to the opposite sign as a result of changes in environmental
conditions (Lewis et al. 1999). Hence, adsorption of ruelene and dichlorprop on
Brazilian soils resulted in the switch of the sign of enantiomer selective degradation
depending on whether or not deforestation had occurred at the sample collection
point. Lewis et al. (1999) do not speculate about what property ofthe soil or the soil
environment may have changed due to the differing environmental conditions
resulting in such observations. It is worth noting though that the pH of soil in
deforested areas is normally significantly lower than in nearby forested areas (e.g.
Cavelier et al. 1999). As with the majority of studies of this kind, the authors assume
uneven proportions of enantiomers to be due to enantiomer selective breakdownas a
result of microbial action. Nonetheless, their work does show non-racemic
adsorption at mineral surfaces and highlights the strong effect of environmental
conditions on the extent of such enantioselectivity. Another study reported that peat
amendmentto calcareous soils could reverse the enantioselectivity of the degradation
of dichlorprop and mecoprop (Romero et al. 2000). More probingly, however,
Buergeet al. (2003) investigated the effect of pH on the enantioselective degradation
rates of the fungicide metalaxyl. They found that in soil residues where pH values
were > 5 the [S] enantiomer of metalaxyl was larger than the [R] enantiomer.
However, when the pH wasreducedto < 4, the preference switched and [R] > [S].
They also re-evaluated published kinetic data and found that the herbicides
dichlorprop and mecoprop showed similar correlations. It is probable that the
primary mode of adsorption in such experiments was biodegradation but such a
critical dependence on pH mightstill apply to experiments carried out in this work.
The reversal of enantiomer preference could occur in a sterile environment, provided
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the mechanism for the switch comes from the effect of pH onthe clay rather than on
any biological enzymespresent.
With respect to the effect of the solvent on enantioselectivity, one fundamental
difference not yet addressed between the two experiments involving acephate and
K10 only is the medium in which the sorbate is dissolved. In Section 3.1 the
acephate-K10 experiment employed acetonitrile as a solvent whereas water is used
when the same experiment is repeated in this section as part of the first set of
modified K10 experiments. Table 4.2 displays the solvents used for each experiment
discussed so far in this chapter and the sign of the enantioselective preference
observed. The table also provides a useful summary ofthe extent of deviation from
the racemic state given as percentages.
Table 4.2 Reference table displaying the minerals used, how they were modified andthe solvent
in which they were suspended for each batch sorption experiment discussed up to this point in
the chapter. The maximum deviation from the racemic state, as a percentage, for acephate
enantiomersis also displayed.
 
Mineral Modification Solvent Maximum
Deviation from
Racemic (%)
Montmorillonite None _ Acetonitrile 9.8
K10 | |
Kaolinite None | Acetonitrile 1.6
Aluminium oxide None Acetonitrile — es
Montmorillonite None Water —13.6
K10
Montmorillonite Na+ exchange _ Water — —18
K10
Montmorillonite Acid treatment Water —9
K10
Montmorillonite Na+ exchange Water —8.4
K10 | :
Montmorillonite Cu+ exchange Water —]1
K10
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The effect of the solvent on the enantioselective behaviour of a sorbent towards
adsorbing chiral molecules has been reasonably well studied (Tawaki & Klibanov
1992; Hirose et al. 1992; Ueji et al. 1992; Wescott & Klibanov 1994; Carrea et al.
1995; Egri et al. 1996; Fernandez et al. 2001; Berglund 2001; Klibanov 2001) and
perhaps provides the most likely answer to question (1) above. Fitzpatrick and
Klibanov (1991), although not observing the full switch in sign, reported that the
enantioselectivity of the substrate was directly affected by certain physicochemical
properties of the solvents such as hydrophobicity, dipole moment and dielectric
constant. Tawaki & Klibanov (1992) were the first workers to observe a complete
reversal in the enantiomer preference of a sorbent due entirely to the solvent used.
They found that toluene and acetonitrile as solvents caused a protease enzyme to
react strongly with opposite enantiomers of an ester during transesterification.
Meanwhile, Hirose et al. (1992) found that different enantiomers of certain esters
could be produced with an ee as high as 89% simply by changing the solvent from
diisopropyl ether to cyclohexane. In this case both solvents were saturated with
water. The work of Ueji et al. (1992) showed similar outcomes but with the switch
coming as a direct consequence of the polarity of the solvent. They cite specific
interactions between the solvent and the substrate resulting in conformational
change. It was proposed that changing the solvent caused disruption of the
intramolecular hydrogen bonds through the formation of intermolecular hydrogen
bonds between the solvent and the substrate. Subsequently, the (R) enantiomerofthe
sorbate cannot bind correctly to the deformed active site resulting in significant
reduction in reactivity of that enantiomer. However, the corresponding (S)
enantiomers were less affected by the deformed active site because they did not
accommodate well, even before the solvent was changed. So, in this case, the
reversal in enantioselectivity of the substrate is due to the ability of the (R)
enantiomer to bind to the deformed active site becoming lower than that of the (S)
enantiomer. This could apply to the experiments here, whereby the active sites of the
clay surface are disrupted with the change of solvent from acetonitrile to water. This
might also explain the reduction in overall sorption observed in some later
experiments using wateras the solvent.
More recently, Fernandez et al.(2001) provided a relevant example of solvent
induced enantioselectivity reversal on a complexed clay catalyst and subsequent
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mechanistic explanation. They argue that a decrease in the dielectric constant of the
solvent will increase the electrostatic attraction between the cationic intermediate and
the anionic clay sheet resulting in the intermediate being physically closer to the clay
surface. The proximity of the clay sheet affects the symmetry of the intermediate
complex involving it in the steric environment of the active sites potentially
responsible for enantioselective adsorption. Thus the relative energies of the
transition states and the stereochemical course of the reactions are modified. The
reversal of enantioselectivity observed in experiments in this work could be due to a
similar mechanism and, in addition, it could then be inferred that the cationic
intermediate remains involved in the adsorption process rather than being removed
through an exchangeprocess.
Resolution of the second question is likely to come from determination of what
special properties emerge in clay that has been pre-pyrolysed. There are surprisingly
few papers that outline the effects of high temperature pre-treatment of
aluminosilicate clays (Yilmaz 2003; Miller et al. 1982; Bradley & Grim 1950). It is
clear that the heating of a clay mineral can cause a change in the waycations are
sorbed in the interlayer spacing. Under standard conditions in an aqueous, colloidal
suspension the cations would normally be hydrated. This means they are surrounded
by polar water molecules. Since 2:1 silicate clays such as montmorillonite can be
viewed as having a layered oxygen structure with sites of localized negativity they
are therefore weak electron donors. As such, the dissolved cations can interact with
the clay surface through hydrogen bonding. This is possible due to their primary and
secondary spheres of hydration, which can act as dielectric links between two point
charges (the cations and the clay surface oxygen atoms)(Miller et al. 1982). Even at
normal temperatures the clay will not always be fully hydrated and thus somecations
will reside directly on the interlayer surface within the hexagonal holes created by
the tetrahedral silicate layers. In fact cations with low hydration energies (< 100
kcal/mol) will tend to prefer this form of interlayer sorption (Miller et al. 1982). Na’,
the main cation component of the K10 interlayer, has a hydration energy of ~ 97
kcal/mole (Wulfsberg 1991). It will, therefore, most likely adsorb at the interlayer
surfaces via a combination of both mechanismsbut require heating in order to cause
further dehydration of the cations and morecases of direct residenceat the interlayer
surface. Furthermore, subjection to high temperature pre-treatment mayalso allow a
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third mechanism for the clay to neutralise its charge. In some cases the dehydrated
cation may pass through the base of the hexagonal hole whereit resides andfill the
vacant octahedral site in the central aluminosilicate layer. This mechanism is only
possible in the case where certain criteria are satisfied. At room temperature the
radius of the cation should optimally be 0.74 - 0.87 A (McBride 1976) and since Na”
has a radius of 1.16 A, this is an unlikely mechanism. However, if a large enough
energy input is applied charge neutralisation by this method can be achieved and,
furthermore, it becomespossible for cations of larger radii to interact in this manner.
Octahedral migration generally results in more effective charge neutralization and
preferential collapse of the interlayer. Reddy et al. (2009) also noted that high
temperature (400 °C) pre-treatment of K10 caused layer collapse although it is
unclear whetherthe process is reversible on rehydration in deionised water. Brindley
& Ertem (1971) suggest that for clays having interlayer cations with large hydration
energies, re-expansion can occur even when extensive charge neutralization has
taken place. Presumably this is not the case when Nat, with its low hydration
energy, is the predominant interlayer cation. In many cases, with high temperature
pre-treatment, hydrolysis may occur as a means of charge neutralization. However,
the relatively low hydration energy of Na’ means that hydrolysis is unlikely to occur
in a predominantly Na-montmorillonite such as K10 (Miller et al. 1982). In general,
it seemslikely that the pre-heating (400 °C) of Na-exchanged K10 will have caused
some level of irreversible interlayer collapse. This does not necessarily mean a
reduction in adsorption capabilities towards an organic sorbate but does mean the
mechanism of such adsorption maypartially change.
4.1.1 Temperature Pre-treatment ofMontmorillonite K10
As previously discussed, temperature can have a significant effect on the interlayer
structure of clay minerals and, thus, on the adsorption of organic species. Three sets
of batch sorption experiments were conducted with the same K10 clays pre-heated at
different temperatures. The aim was to determine the effect of temperature on the
sorptive and enantioselective capabilities of K10. The equilibration period was
reduced to 18 h to prevent excessive sorption and subsequent difficulties with
detection in the supernatant. The three batches involved K10 that had previously
been unheated (K10pr), heated to 105 °C (K10j0s) or heated to 400 °C (K10409).
K10kgr exhibited the strongest sorptive capacity of the three batches with ~77%ofthe
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acephate left in the supernatant after equilibration. The amount of sorption then
decreased by a small amount in the K10j0s batch and further in the K104oobatch
indicating that temperature pre-treatment may have a detrimental effect on the
sorptive capabilities of K10.
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Figure 4.6 Effect of temperature on acephate sorption at the surfaces of K10 clay; each batch
involves 50 mg of sorbent. P1 refers to the enantiomer eluted from the columnfirst and P2
second. Error bars represent the standard error calculated for each data point.
The subsequent calculation of EFs (Figure 4.7) provides no indication of significant
deviation from the racemic state of acephate enantiomers. These observations
indicate that despite having a smallbut significant reducing effect on K10’s sorptive
capabilities, high temperature pre-treatment does not impact on any enantioselective
properties the clay might possess or have adopted.
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Figure 4.7 EF values for a variety of temperature pre-treatments to K10 after acephate sorption.
Error barsrepresent the standard error calculated for each data point while the black dotted
line represents a racemic mixture of the two enantiomers.
This simple batch sorption experiment deals only with a K10 clay that, despite pre-
heating, is otherwise untreated. The identity of one or more cations that might be
present in the interlayer space has not been confirmed in this work or by the supplier,
Sigma Aldridge. However, it is likely that a variety of cations, including Na’, kK’,
Ca”* and Mg”are present (Shanbhag & Halligudi 2004). Shanbhag & Halligudi also
suggest that trivalent cations such as Al’* are likely to be present and contribute to
the Brensted acidity of K10. This is significant because it means that by Na-
exchange K10 is transformed from having a multitude of cations occupying the
interlayer space to having solely Na’.
So under normal circumstances the pre-pyrolysis of K10 should have a small impact
on the adsorption of acephate but negligible effect on any enantioselective activity.
However, once Na-exchanged, the pre-pyrolysis of K10 results in a very small
reduction in sorption but significantly reduces the observed enantioselective
behaviour. As previously discussed, it appears that high temperature pre-treatment
has a profound effect on how Na’, but not necessarily other cations, is bonded to
surfaces within the K10 structure. It seems, therefore, that the mechanism for
enantioselective adsorption involves interaction with the interlayer cation and that
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this mechanism is hindered by net movement of the cation from its state as a
hydrated ligand towards positions within hexagonal holes on the interlayer surface or
even in vacant octahedral sites within the aluminosilicate layer. Alternatively, it may
be the organic sorbate’s interaction with the hexagonalholes that is hindered by the
change in the way Na’ is bound causing a reduction in the enantioselective
adsorption of the sorbate. The mechanism of enantioselective adsorption remains
unclear.
4.2 Batch Sorption Experiments Involving Acephate (100.5mg/L) and
Montmorillonite-Cu-L-Lysine Complex
The interesting results of the batch sorption experiments involving different
montmorillonite K10 clays with modified interlayer environments, led to
modifications. The hypothesis tested was that inclusion of a chiral organic species in
the interlayer space, as a complex with the exchangeable cation, would yield
information about the adsorption capabilities of such a complexed clay andits ability
to preferentially adsorb enantiomers of acephate. Furthermore, insight into the
adsorptive mechanisms at work and the whereabouts of their occurrence might be
inferred. Lysine was chosen asit is a common aminoacid, one oflife’s essential
building blocks. Complexes were prepared with both the biologically active L- form
of lysine and the inactive D- form. Cu** was also exchanged into the interlayerin the
preparation process to form part of the complex thereby removing the unknown
element of the ionic contents of the interlayer space. Furthermore, copper is known
to interact strongly with amino acids and hence should be a good choice for attaching
amino acids to a clay surface. Additionally, the guaranteed removal of Na’ cations
from the interlayer meant the potential for reduction in enantiomeric activity, caused
by the binding mechanism of said cation (Section 4.1), was eliminated from the
experiments.
Batch sorption experiments involving acephate and the K10-Cu-L-lysine complex
(K1011) yielded a sorption plot (4.8) similar to that in previous K10 sorption studies
in this work. Increasing amounts of sorbent in the batches resulted in increased
sorption of acephate. Again, the increase in the amount of acephate adsorbed
decreased with greater sorbent amountsin the batches giving the familiar curved plot
line. The 100 mgsorbent batch has a very small standard error indicated by the error
bars (Figure 4.8) and shows the sorption of over 90 % of the acephate from the
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supernatant solution. The EF correlates very strongly with sorption and despite
exhibiting relatively large errors, shows very significant preferential adsorption of
acephate’s (+) enantiomer. This is a preference for the same enantiomer of acephate
as observed in the pre-treated batch experiments but, of course does not correspond
to the preferential adsorption of the opposite enantiomer in the initial experiments
with K10 alone.
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Figure 4.8 The amountof acephate sorption (“%) at the surfaces of Cu-L-lysine modified K10.
Error bars represent the standarderror calculated for each data point.
102
 
CHAPTER4 Results and Discussion
 
    
| |
| 0.500 -
& 0.450 -o© |
c |2:§ 0.400 -
€Cs]
¢
lu
| 0.350 -
| 0.300 1 1 r 1
| ) 20 40 60 80 100
| K10-Cu-L-Lysine (mg)
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Figure 4.10 Sorption of acephate (“%) on the surface of Cu-L-lysine modified K10 plotted against
the subsequent EF values for the enantiomers of acephate.
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Aninteresting feature of the sorption plot for acephate on K10z11 (Figure 4.8) is the
slight sign of a step feature in the 10 mg batch. Between the 5 and 10 mgbatches
there is no increase in the amount of acephate sorbed following a very similar path to
that of acephate on K10cy discussed above. In this case the observation is not
necessarily significant as any deviation from the suspected pattern lies well within
the standard error of the data points indicated by the error bars and is, thus, unlikely
to be a real result. Considering, however, that in both cases this feature has occurred
involving a K10 sorbent with a Cu-exchanged interlayer, it is an observation worth
noting. Again, the idea that the sorbate molecules are interacting as they adsorb and
affecting adsorption energies must be considered. In this case, there is also a link to
the enantioselectivity; no significant deviation from the racemic state is observed in
the EF plot until after the 10 mg batch (Figure 4.9). Since this is the point at which
the step occurs, it seems indicative that the interaction between adsorbing molecules
and those already adsorbed is required for enantioselectivity to occur. Perhaps a
chiral environment formed by adsorbed molecules of acephate is a key factor in
further enantiomer selective adsorption. This point is reiterated in Figure 4.10
independently of any step feature: initially as adsorption increases, enantioselectivity
(derived from deviation from the racemicstate) is negligible but after ~35% sorption
it increases rapidly and steadily, suggesting that a certain level of acephate coverage
must be achieved for the extent of enantioselectivity to becomesignificant.
The preferential adsorption of the (+) enantiomer to K10;11 is extremely pronounced.
However, given the range of the standard error for the 50 and 100 mg batches
(Figure 4.9), the enantioselectivity may not be as large as implied. Nonetheless, even
taking the error range into account, the deviation still appears to be larger than in any
other experiment conducted throughout this work. A comparison to the previous
K10cy batch sorption experiment gives an indication that inclusion of a single-
enantiomer amino acid to the K10 interlayer has a significant positive effect on the
strength of its enantioselective capacity.It is likely that the formation of such a chiral
complex provides a secondary mechanism for enantiomer specific adsorption thus
enhancing the overall enantioselectivity of the clay towards molecules of acephate.
Tsvetkov & Mingelgrin(1987b) prepared a montmorillonite-Cu-L-lysine complex
very similar to the one used here and showed that such modified clay could provide
an adsorption system that displayed a strongeraffinity for a particular enantiomer of
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some a-amino. Theng (1974) explains, from the work of Bodenheimer &
Heller(1967), that the strong adsorption of lysine by copper-montmorillonite was
attributed to the presence in the lysine zwitterion of a basic (amino) group which
could coordinate to copper. Further work (Jang & Condrate 1972) indicated that the
species coordinated to interlayer Cu ions in montmorillonite has the zwitterionic
configuration (Figure 4.11):
*H3N
NH,
Figure 4.11 Zwitterionic configuration of lysine coordinated to interlayer Cu ions in
montmorillonite (structure confirmed by Jang & Condrate 1972)
The pH of the equilibrated suspension lies at between 8.5 and 9. Since the pKa
values for the a-amino and g-amino groups are 8.95 and 10.53 respectively, the s-
amino is certain to be protonated while there may be a mixture of both protonated
and un-protonated a-amino groups. The carboxylic group with a pKa of 2.18 will
remain un-protonated and negatively charged. As such, this is a reasonable
configuration for the lysine molecule in the experiments carried out here. Tsvetkov &
Mingelgrin (1987b) suggest that a double ligand is formed between two molecules of
lysine and a single Cu’* cation. The binding process involves a biligand complex
formation utilising the zwitterionic configuration above where the a-amino group
and the carboxylate oxygen of lysine are bound to Cu’* while the e-amino groupis
protonated. This gives the complex a positive charge and allowsstrong adsorption on
the negatively charged clay surface. In this respect, lysine is an excellent choice for
the formation of a clay-Cu complex, as it is one of the few a-amino acids that is
capable of forming the biligand complex which is responsible for its strong clay
binding ability. The resulting complex is depicted in the following schematic (Figure
4.12).
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NH3*  
‘PEELSHTEENSSEAEENMMEGREprxREESMaVUNUTUIHRENEES
*HN
Figure 4.12 Schematic representation of the probable formation of Cu-lysine complex at the
surface of K10 clay (grey box)
Tsvetkov & Mingelgrin (1987b) proposed that the mechanism ofoptical resolution
involved ligand exchange. They argued that exchange was most probably between at
least one of the lysine molecules in the Cu-lysine complex and the molecule being
adsorbed. Furthermore, this could have been followed by cation exchange between
the adsorbed Cu-lysine complex and both the released lysine and the complex
formed by the ligand exchange. The data they presented suggest that a mixed ligand
involving the Cu’* cation binding with one ofthe original lysine moleculesas well as
the newly adsorbed amino acid was formed by ligand exchange. This ligand
exchange was responsible for the optical resolution. This could apply to the
experiments here with the acephate molecule forming part of the mixed ligand
instead of Tsvetkov & Mingelgrin’s newly adsorbed amino acid. Furthermore, the
addition of this mechanism as an extra source of acephate adsorption might explain
the increased enantioselectivity observed in the K10-Cu-L-lysine experiment (Figure
4.9).
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Figure 4.13 Schematic representation of ligand exchange where one of the bound lysine
molecules is replaced by an acephate molecule resulting in a Cu-L-lysine complex bound at the
surface of K10 (grey box) (complex adapted from Tsvetkov & Mingelgrin 1987b)
4.3. Batch Sorption Experiments Involving Acephate (100.5mg/L) and
Montmorillonite-Cu-D-Lysine Complex
Montmorillonite-Cu-D-Lysine (K10p,1) also strongly adsorbed acephate from its
aqueous solution. However, Figure 4.14 suggests sorption in a linear fashion
indicating the mechanism for sorption may have been different and thus subject to
different sorptive properties. It must be noted that the errors allow for substantial
deviation from the shape of the graph. As such the linear nature of the relationship
between acephate and K10pris not assured. Again, the EF is well correlated to the
amount of sorption and displays strong preferential adsorption of the (+) enantiomer
of acephate in the 50 mg sorbent batch. Overall, however, the enantiomer specific
sorption is more pronounced for K10;1; than K10p.1. This was somewhatsurprising
as the same mechanism of sorption was expected for complexes containing either
enantiomer of the amino acid.
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Figure 4.14 The amountof acephate sorption (%) at the surfaces of Cu-D-lysine modified K10.
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Figure 4.15 The EF of acephate remainingin the supernatant solution after adsorption at the
surface of Cu-D-lysine modified K10. Error bars represent the standarderror calculated for
ach data point.
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Figure 4.16 Sorption of acephate (“%) on the surface of Cu-D-lysine modified K10 plotted
against the subsequent EF values for the enantiomersof acephate.
Despite the lower enantioselectivity seen in the K10p.; batch (Figure 4.15) and the
slower adsorption rate (seen from the difference in shape of the plots in Figure 4.8
and Figure 4.14) the plot comparing sorption and enantioselectivity is very similar to
that observed in the K10,11 batch. Enantioselectivity remains relatively small until
after ~40% of the acephate is adsorbed reinforcing the idea that there must be a
significant amount of acephate adsorbed at the clay surface before any
enantioselective adsorption can be achieved.
A particularly interesting feature of these results is the fact that K10.L; (Figure 4.9)
and K10pr; (Figure 4.15) do not show preference to the opposite enantiomers of
acephate. This observation contradicts that of Tsvetkov & Mingelgrin (1987b) who
demonstrated that switching the sign of the lysine molecule in the clay-Cu complex
resulted in preferential adsorption of the opposite enantiomer for a variety of amino
acids. This might have been expected as the sign of the overall asymmetric centre of
the clay-Cu-amino acid complex would be reversed. The contradiction also applies to
the binding process discussed earlier in this chapter (Section 4.3) that leads to the
enhanced enantiomerspecific resolution of acephate on K10,11. However, there may
be a very specific characteristic of the clay surface that causes the geometry of the
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complex adsorption to be different between the two systems (containing either the
(+) or (-) enantiomer). As the complex resides at the clay surface within the
interlayer space, the way it interacts, and more specifically, the way the complexed
acephate interacts with the clay surface will be vital to the enantioselective nature of
the continuing adsorption. If one option is to bond in a way that hides the chiral
centre of the complexed acephate, for example, then enantioselectivity may be
significantly reduced as further adsorption occurs throughout the equilibration
process. If this is the case then it provides further evidence for the idea that
enantioselective adsorption relies on a stereoselective interaction between the newly
arriving sorbate and those already bound in the early stages of equilibration.
Furthermore, it provides an alternative to the idea that the montmorillonite itself
showsa preference to one enantiomer over the other. At least in the early stages of
adsorption montmorillonite need not adsorb more of one enantiomerthan the other,it
simply needs to interact with them in different ways in terms of the geometry of
adsorption.
4.4 Batch Sorption Experiments Involving Acephate (100.4mg/L) and
Montmorillonite modifications
The previous batch sorption experiments yielded interesting results but were based
on quite a small data set. Here, the same modifications were repeated and the
experiments run with more replicates and therefore improved reliability. The
predominant difference in the method was that the only batches prepared contained
the maximum mineral amount from the previous set of experiments (50 mg). Since
averaging the batches produces only one value for the sorption of each enantiomer,
the results are presented in the form of a histogram (Figure 4.17). Additionally, with
a set amountof sorbent in each batch, the sorption can be displayed in mg/g ofclay.
The total amount of acephate available in each sample equates to 1.51 mg/g of clay.
Overlaid on the plot are the EF results for each modified batch. A quick reference
table of abbreviations for section 4.4 is included in Table 4.3:
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Table 4.3 Reference table of abbreviations for further K10 modifications in Section 4.4
 
Abbreviation Pre-treatment/Modification
  
  
  
Cu-exchanged K10 clay
K10p. D-lysine-exchanged Cu-K10 clay
K10s5 | | | Derivatised K10 clay through silanisation
111
(Aej> yo 3/3w) azyeydace paqios  ESS
1st
Elu
tin
g
En
nt
io
me
r
CH
AP
TE
R4
Re
su
lt
sa
nd
Di
sc
us
si
on
22
)
2n
d
Elu
tin
gE
nn
ti
om
er
—t
<—
EF
in
su
pe
rn
at
an
t
  
-
0.
54
 
r
(0:
53
r
0.
52
 
 
0.5
>-  
   
 
 
+
0.5
1
,
0.5
 
~
0.
49
uolpel4 W4awol}UeUy
-0
.4
8
+
0.
47
r
0.
46   
    
  
~
0.
45
K1
0L
L
K1
0L
L+
K1
0S
 
 
Fi
gu
re
41
7(
Co
lu
mn
pl
ot
)t
he
am
ou
nt
of
ac
ep
ha
te
so
rb
ed
(m
g/
g)
at
a|v
ari
ety
of
mo
di
fi
ed
K1
0s
ur
fa
ce
sa
nd
(li
nep
lot
)t
he
‘s
ub
se
qu
en
tE
Fva
lu
es
fo
r
ea
ch
mod
ifi
cat
ion
. T
he
tot
al
am
ou
nt
of
ac
ep
ha
te
ava
ila
ble
in
ea
ch
sa
mp
le
equ
ate
s t
o
1.5
1m
g/
g o
fc
lay
. E
rr
or
ba
rs
rep
res
ent
the
st
an
da
rd
er
ro
r c
alc
ula
ted
for
ea
ch
da
ta
poi
nt
whi
le
the
bl
ac
k d
ott
ed
lin
e r
epr
ese
nts
a r
ac
em
ic
mi
xt
ur
e o
f t
he
tw
o e
na
nt
io
me
rs
.
112
CHAPTER4 Results and Discussion
Comparing the K10,12 and K10pr2 batches with the K10,,+ batch showed highlevels
of sorption in each case while a significantly larger preference for the (—) acephate
enantiomer was observed in the latter. The K10,.+ batch was prepared with greatly
increased amounts of L-lysine as there was no guarantee that the ratio of clay to
complex being used in the preparation of the standard K10-Cu-lysine batches was
sufficient to ensure total saturation of the interlayer with the prepared complex. The
sole difference — if the standard batch is not considered fully saturated — is that there
would be more occurrencesofthe biligand structure between the Cu’* cation and the
lysine molecule and thus greater capacity for ligand exchange with acephate
molecules. If the mechanism proposed above was dominant in enantioselectivity, it
would explain the greater deviation from the racemic state of the K10,1+ complex.
However, the lysine concentration was not measured in the supernatant making it
difficult to confirm the existence of an exchange mechanism. Also, it must be noted,
that the standard error of the data point for EF in the K10,,+ batch is particularly
large. Nonetheless, thereis still a strong possibility that the mechanism is correct and
the results of the two Cu-lysine batch experiments here can be seen as evidenceif not
proof.
The silanised K10, on the other hand, despite strongly adsorbing acephate shows no
preference for one enantiomer over the other. Such a notable absence of any
enantioselectivity after silanisation is evidence that the hydroxy! groups, while not
playing a significantrole in the retention of acephate as an adsorbed species, do have
a considerable affect on the clay’s enantioselective properties. This is an important
observation that requires explanation.
The standard structure for K10, shows hydroxyl groups situated predominantly at
severed edge sites of the aluminate layer (see structures in Theng 1974). Since the
only mechanism for adsorption at the edge sites would involve the hydroxyl groups
and their removal doesnot affect overall adsorption it can be assumedthat adsorption
is not occurring at the edge sites. There are, however, further hydroxyl groups
situated within the aluminosilicate structure ofthe clay. Two oxygensoutofthe three
on each side of the octahedral aluminate layer are bound to silicates forming the
tetrahedral layer sandwiching the octahedral layer. The third oxygen, facing in
towards the interlayer space, exists as a hydroxyl group (see Figure 3.3 in the
previous chapter for the general structure of montmorillonite). As it appears that
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adsorption probably occurs within the interlayer rather than at edge sites, there must
be an interaction with these hydroxyl groups that is not require for adsorption but
that is essential for enantioselectivity. Ligand exchange within the interlayer space is
unlikely to be affected in any way by the hydroxyl! groupseffectively shielded by the
tetrahedral silicate layer. One situation may be that adsorption occurs at sites where
at least some of the adsorbed enantiomers can be affected by the hydroxyl groupsin
such a way as to be able to provide an environment where one enantiomer of
acephate is preferred over the other. This might involve forces of attraction but
should not be the principal mode of adsorption. For this to be possible, the adsorption
sites must occur at the layer surface, within the hexagonal holes of the tetrahedral
layer or, as discussed previously, within the vacant octahedral space after penetration
of the tetrahedral layer. Another situation might exist where a small number of
acephate molecules do, in fact, bind with the hydroxyl groups. They would be too
few to significantly affect the overall adsorption if the hydroxyl groups were
removed but in their presence they could provide a unique alteration to the surface
that would affect further adsorption of acephate molecules.
Onthe discussion of hydroxyl groups within the K10 structure, it is worth noting the
alternative structure for montmorillonite proposed by Endelman and Favejee (1940).
The structure is explained by Theng (1974) and used in the work of some others
(Laszlo 1990) and illustrated in Figure 4.18.
O Oxygen
® Rydroxy!
© Aluminum
© Silicon
 
Figure 4.18 An alternative structure for montmorillonite first proposed by Edelman &
Favejee(1940) with the apical oxygen atoms facing in towards the interlayer spaces. The
drawing is from Laszlo (1990)
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They suggest that every other SiO, in the tetrahedral sheet is inverted. The apical
oxygens on eachinverted tetrahedral, now pointing towards the interlayer space, is
replaced by hydroxyl groups whichalsofill the gaps left by in the octahedral sheet. If
the Edelman-Favejee structure exists then hydroxyl groups will be much more
readily available for interactions with the sorbate. The possibilities already suggested
as explanation to the observations above mightstill be applicable if the alternative
structure was in place but the acephate molecules would no longer have to penetrate
the tetrahedral sheet in orderto interact with the hydroxyl groups.
Theng et al. (1974) suggests that both structures can exist depending on the type of
clay in question. Wyoming type clay takes on the standard structure and Cheto type
the Edelman-Favejee structure. Surprisingly, the parent material of K10 is not
obviously apparent. Both Loh and Li (1999) and Clark et al. (1994) state that
Montmorillonite Tonsil 13 is the source clay for K10 but no further information is
provided. However, the chemical composition of K10, determined by Dr. Steve
Crowley of the University of Liverpool (unpublished data; Table 4.4), appears quite
different to that of Tonsil 13 found in the literature (Adams et al. 1986). Laszlo
(1990) depicts montmorillonite in the form of the Edelman-Favejee structure and
refers to it in discussion of the catalytic uses of K10. Again, however, no further
information or sources for why this structure was assumedcorrect, was provided.
Table 4.4 The percentage composition of unmodified K10 including the three predominant
mineral elements attained from XRD analysis.
 Predominant Minerals Composition (%)
Smectite ; 56.01
Quartz 29.03
Muscovite 14.97
A particularly notable observation in Figure 4.17 is that the K10p; and K10cuw
batches show an extremely low capacity for adsorption, relative to that of the other
batches in this experiment but also to that of previous experiments. The reason for
such low levels of adsorption is unclear but one of the outcomesis that a smaller
amount of adsorption will probably be mirrored by EFs denoting smaller deviation
from the racemic state (which is the case here). This is because it would be assumed
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that each adsorbing molecule involves a tiny amount of selective adsorption and
therefore selectivity would be directly linked to the amount of acephate sorbed. This
might not be entirely accurate in all cases as there may be situations where either (1)
all the selectivity occurs in the initial part of adsorption as the first molecules begin
binding to the clay surface — this should result in an EF plot in which deviation
rapidly occurs in the early stages of adsorption and then plateaus as adsorption
continues to increase — or (2) all the selectivity occurs in the later stages of
adsorption, perhaps as the adsorbing molecules begin to interact with each other —
this should result in an EF plot that only begins to deviate at a late stage in the
adsorption process as sorption continues to increase. It is worth noting that scenario
(1) is observed in the batch sorption experiments involving kaolinite. This could be
expected as kaolinite is known to have some level of inherent structural chirality (as
discussed earlier in the chapter) and thus potential for enantioselective adsorption of
a chiral sorbate directly at its surface in the early stages of the equilibration process.
Conversely, scenario (2) is observed to some extentin the batch sorption experiments
involving K10. Likewise this could be expected as K10 lacks structural chirality and
would require somelevel of sorbate coverage before enantioselectivity could become
possible.
For the case here (Figure 4.17), however, the EF appears closely correlated with the
amount of adsorption thus supporting the initial assumption that selectivity occurs
consistently throughout the adsorption process. A difficulty arises, therefore, in
comparing the EF data points for K10p, and K10cy to those of the K10-Cu-lysine
batches, for example, where adsorption of acephate is much greater and, in turn,
more selective in their adsorption towards the (—) enantiomer. In an attempt to
account for this, the mass of the bound sorbate could be incorporated in to the
equation for EF. Since the values for EF can only lie between 0.5 and 1.0 it would be
appropriate to use an assessment of enantioselectivity that can be increased linearly
as the mass of adsorbed acephate is taken in to account in each case. Equation 3.3
below represents the percentage deviation of the EF from the racemic state for
acephate enantiomers per average mass of sorbed acephate for each batch of the
experiment (Ee).
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[2Fe= a 100 (Equation 3.3)
EFR
Eret =
Msorb
Where EFpis the EF value for a racemic mixture, EF is the experimentally obtained
value of EF for the enantiomers of acephate present in the supernatant and Mgo,p is
the amount of acephate sorbed at the surface of the clay measured in mg. The
equation has been used to calculate values for Ege; in each batch of the experiment,
the results for which are presented in Figure 4.19 below:
 
 
 
    | 80
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Figure 4.19 Columnplot showing relative percentage deviation from racemic per massof sorbed
acephate in each batch labelled in the x-axis. The larger the column, the greater the extent of
enantioselective adsorption shown bythe clay modification in question towards acephate
enantiomers. Thesign of the preferred enantiomer cannot be construed from this plot.
This plot gives an interesting view of how the enantioselectivity of each batch might
look if adsorption was relatively consistent throughout. The extent of
enantioselectivity for the lysine modified K10 batches and the silanised batch remain
similar to that observed in Figure 4.17 due to the consistent level of sorption.
However, in the K10g_, and K10cy batches it can be seen that, had there been a
similar level of adsorption then the enantioselectivity exhibited by the batches might
have actually been larger than that for the other batches. The implication is that
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although it can be associated with a greater extent of acephate adsorption, the
modification of K10 with lysine does not necessarily induce greater
enantioselectivity. This is of course a very simplified way of taking into account the
effect of adsorption on enantioselectivity as there are many factors that are not
considered, such as increasing competition for active sites. Furthermore it is remains
unclear why the percentage sorption of acephate in the K10g_ and K10c, batches is
uncharacteristically low relative to earlier experiments in this work.
One additional observation of note is that, once more, the complexes separately
containing L- and D-lysine appear to show preference to the same enantiomer.
Again, this can be construed to mean that any enantioselectivity observed is not due
to exchange or interaction with lysine in the Cu-lysine complex. This does not
necessarily meanthat ligand exchangeis not the mechanism for adsorption, and even
enantioselectivity, but does suggest that an enantiomerpreferencearises as a result of
an interaction to whichthe chirality of lysine is irrelevant.
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CHAPTER 5 ADSORPTION ON MINERAL SURFACES
UNDER NOVEL CONDITIONS
This chapter documents the next stage in the sequential development of the
experiments throughout this work. With some exceptions, focus shifts from
investigating the impact of sorbent surface modifications on enantioselectivity,
towards the control of experimental conditions in basic batch sorption experiments.
This approach aimsto give insight from a new perspective into the mechanismsthat
control enantiospecific adsorption processes at the sorbate-sorbent interface.
Furthermore, the results of the experiments in this chapter may give some indication
of how the components studied might behave in conditions found in the environment.
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Acephate + SWy-2 at varying pH
(SW,,.,,) - Adsorption/EF
Unmodified > Glycine-
aye Acephate + modified awed(SW,) (SWe)¢ SWy-2 Adsorption/EF d ck
Racemic-
Lene. alanine-
SWGW) D-lysine- D-alanine- (SWea)
Swy-2 Racemic- L-alanine- Swy-2
(SW,,) lysine-Swy- Swy-2 (SWoa)
2 (SWa,) (SW,,) é
Acephate + Environmental
samples
K10 and acephate with “initial
enantiomeric excess”
v
K10 as packing material for
enantioselective HPLC column
Figure 5.1 Schematic representation of the order of key experiments throughoutthis chapter.
See respective sections within the chapter for definitions of abbreviations.
5.1 Acephate (100mg/L) and bentonite [SWy-2] at varying pH
The importance of pH to the sorptive capability of clay minerals is well known and
discussed in Chapter 1 of this work. A simple batch sorption experiment wascarried
out to investigate the effects of pH on the sorption of acephate to the surface of
montmorillonite clay and morespecifically to assess its effects on enantioselectivity.
The clay used was bentonite SWy-2 (SW), a natural clay mineral consisting
predominantly of montmorillonite and sourced from deposits in Wyoming, USA.
The switch from montmorillonite K10 was made so as to better replicate
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environmental conditions as the K10 form is an acid-treated smectite developed for
catalysis and quite removed from its natural condition. Furthermore, the structure of
the aluminosilicate layers for SW is accepted as the Hofmann-Endell-Wilm-
Marshall-Maegdefrau-Hendricks structure (Theng 1974). Proposed by Hofmann et
al. (1933), this is the standard structure for the majority of known montmorillonite
clays. Five clays were adjusted to different pH values (SW3-.:1) with the subscript
value indicative the pH ofthe clay suspension.
The maximum adsorption of acephate seemed to occur at neutral pH whilst the least
adsorption was observed with SW3. The maximum sorption possible, based on the
amount of acephate in the sample, was ~5.0 mg/g of clay, while the maximum
observed was ~1.6 mg/g of clay. Intriguingly, the sorption of acephate does not
correlate directly to the EF as had been seen in most batch sorption experiments
conducted up to this point. SW,;shows no significant chiral preference for either
form of acephate but with decreasing pH an escalating preferential sorption of the (+)
enantiomercan beseen.
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The adsorption of a molecule on a clay surface often depends on the pH of the
mixture (Weber 1966; Banatet al. 2000). This is normally as a result of the effect of
pH onthe solubility of the molecule. Acephate is unusualin that its solubility is not
affected by pH (Singhet al. 1998). Acephate can becomeionised at pH belowits pKa
(8.5) forming protonated cations, while at pH values above its pK, it will not. As
such, it would be expected that it is soluble in water at a pH lowerthan its pK, but
insoluble in water at higher pH. This is not the case with acephate as therelatively
high electronegativity of the S, O and N atoms results in the P atom acquiring a
positive charge and the S, O and N atoms a negative charge. Acephate is a polar
molecule, and even under non-ionising conditions and because of the presence of
negative P=O and C=O bond domains,it also acquires a potent electron-rich domain
(Singh et al. 1998). Therefore, acephate may remain in solution at high pH values
due to dipole-dipole interactions in polar solvents such as water. The sorption of
acephate to SWy-2 peaks at pH 7, the nearest value to its pK, without exceedingit. It
seemslikely, therefore, that the inability of acephate to ionise above pH 8.5 has a
negative effect on its ability to adsorb to the clay. This supports the idea that
acephate may bind through ligand formation with the exchangeable cation orligand
exchange with an already bound lysine molecule, as acephate would need to be
ionised in order for such mechanisms to function. The adsorption does not cease
completely at pH above the pK, of acephate as there are likely to be other binding
mechanisms, such as hydrogen bonding, at work. Below the pH value for the pK, of
acephate there is a steady decrease in adsorption to SWy-2 (Figure 5.2). This may be
explained by an increase in competition with H” ions for active binding sites on the
clay surface as pH decreases (McLarenet al. 1958; Weber 1966). At lower pH, more
surface silanol groups will be protonated makingit increasingly difficult for acephate
to bind directly to the clay surface. It is possible that the extent of ligand exchange or
formation is unaffected at lower pH levels and the observed fall in adsorption is due
entirely to the reduction in direct binding at the clay surface. However,if the surface
silanols are fully protonated, at low enough pHthere will be an excess of protonsin
the interlayer space potentially taking on the role of an exchangeable cation. This is
likely to affect the ligand formation process but whether acephate molecules would
exchange with the H+ ionsor adsorb by direct association with them is unclear.
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5.2 Acephate (100mg/L) and bentonite [SWy-2] with various modifications
Another phase of modifications was carried out based on results from the bentonite
SWy-2 system. Eight SWy-2 batches with modified surfaces were prepared,
including an unmodified batch (SWs)) to act as a control. The L- and D- forms of
lysine were used again to form individual complexes with the clay (SW. and SWpz:
respectively) following the same method as in previous experiments. Further
modifications were prepared using both enantiomeric forms of the amino acid,
alanine (SW,a and SWpa). Batch sorption experiments involving the incorporation
of an amino acid that is smaller in size than lysine, such as this would potentially
provide more information about the arrangement of molecules in the interlayer space.
In the case of both chiral amino acids, a modification constituting a racemic mixture
of both enantiomers was prepared (SWrr and SWra respectively) and is described in
detail in Chapter 2. The clay was also modified with the achiral amino acid, glycine
(SWc) in an attempt to further understand the effects of chiral and achiral
complexation on the sorption of chiral species in the interlayer. A reference table of
abbreviations for Section 5.2 is included below:
Table 5.1 Table of abbreviations for Bentonite (SWy-2) modifications in section 5.2
 Abbreviation Pre-treatment/Modification
SWBL Unmodified SWy-2 bentonite
SWLL L-lysine-exchanged SWy-2 bentonite
SWDL D-lysine-exchanged SWy-2 bentonite
SWRL Racemic lysine-exchanged SWy-2 bentonite
SWLA L-alanine-exchanged SWy-2 bentonite
SWDA D-alanine-exchanged SWy-2 bentonite
SWRA se Racemic alanine-exchanged SWy-2 bentonite
SWG Glycine-exchanged SWy-2 bentonite
 
The results (Figure 5.3) show that sorption of acephate at the surface of SWs) was
only ~30% of the total adsorbable material (~4.0 mg/g of sorbent). SWrx, however,
sorbed almost three times more acephate, as did SWp.. This was not the case for
SW.iL_ which sorbed more that SWg but significantly less than SWp,. All
modifications with alanine as well as SWgled to minor amountsof sorption of ~15 —
30%. The EFs for each batch provided evidence for a small degree of preferential
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sorption of the (+) enantiomer of acephate. SWra and SWg showed the least
enantiomeric preference being almost insignificant, although intriguingly, SWpa
appeared to be the most enantioselective of the bentonite modifications.
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CHAPTER5 Results and Discussion
In this set of experiments, the pH was adjusted to 8 for each batch and so, given the
pK, of acephate,it is likely to have been ionisation in each case.
Stronger sorption of acephate on lysine modifications than the SW, might be
explained by the additional ligand exchange mechanism for adsorption available with
the presence of a Cu-lysine complex. However, this would not support the idea that
acephate formsligands with the interlayer cation without the presence of a Cu-lysine
complex as suggested previously. Nonetheless, involvement of acephate in a ligand
may simply be morelikely if lysine has already formed a ligand with the interlayer
cation. Of course, none of the batches here have been exchanged with Cu or any
other cation so the clay will include several cations in the interlayer. Na” and Ca”*
are the most prominent interlayer cations but there is likely to be a wide range of
other cations. The double positive charge of the Ca’* cation meansit should be able
to forma biligand in the same way as the Cu’ cation can. However, the singly
charged Nacation, presumably, will only be able to support the formation ofa single
ligand. As discussed previously (with reference to Tsvetkov & Mingelgrin 1987b),
ligand exchange has been proposed as a mechanism leading to enantioselectivity,
particularly with the involvement of a biligand formation. If this were the case, a
reduction in enantioselectivity would generally be expected over batches involving a
doubly charged cation as the sole exchangeable cation in the interlayer. A reduction
in the deviation from the racemic state is observed between this experiment and that
involving copper exchanged K10 batches and so it might be concluded that the
charge on the interlayer cation and thus the extent of the ligand and biligand
formation hasa significant effect on enantioselective adsorption of acephate.
One unexpected observation is that the L-lysine modified batch adsorbs significantly
less acephate than the D-lysine and racemic batches. The cause for this is unclear but
is likely to have something to do with the way the lysine molecule, complexedornot,
interacts with the clay surface. There may be something specific about the clay
surface or the spatial orientation of the opposing lysine enantiomers that encourages
such antipodes to bind in a different orientation. This is not to say that a preference
will be observed, simply that the orientation of the interaction might be different.
Subsequently, the sorption of acephate by the clay-lysine complex may be enhanced
or reduced depending on its compatibility with the different shapes of the active
adsorption sites created by the opposite lysine enantiomers. Thus, SWp, might
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coincidently provide a more convenient environment for adsorption of acephate than
SWdoes. This occurs independently of any enantiomer specific adsorption of the
acephate molecules, but by assessing at the EF for each lysine modified batchit is
clear that, in addition to its reduced sorptive capabilities, the enantioselectivity of
SWis significantly lower than that of SWp.. The above idea could be extended to
account for preferential adsorption of acephate. For example, the difference in
orientation of the D-lysine complex at the surface of the clay may providea slightly
more favourable environment for enantioselectivity. This does not necessarily have
to affect the sign of the preferential adsorption (i.e. cause a reversal) but simply
enhancethe overall deviation of EF from the racemicstate.
The low levels of adsorption by the alanine and glycine modified batches might be
explained by their reduced ability to form a biligand with the interlayer cation.
Lysine is effective in this manner as its a-amino group can bind, along with the
carboxylic oxygen, to the cation while the e-amino groupis protonated and forms the
positive charge required to form a complex with its clay substrate. The lack of a e-
amino group in the alanine and glycine structures means this mechanism cannot
occur.
At pH 8 the carboxyl group and amino group of both alanine and glycine will most
probably be ionised, i.e. in their zwitterionic form. This would mean a complex may
be formed with an interlayer cation but with a neutral overall charge and therefore an
inability to form a complex with the clay. If this occurs, perhaps the freed protons are
taken on by the clay as interchangeable cations. The acephate would then essentially
be adsorbing to H-montmorillonite.
Anotherinteresting point is that, according to Bodenheimer & Heller (1967), lysine
(but not glycine or alanine), while complexed with the montmorillonite, causes the
basal spacing to increase. If the occurrence of Cu-lysine complexesis increased there
would duly be greater opportunity for acephate to be involved in ligand exchange.
However, the increased basal spacing is probably due purely to the larger size of the
lysine molecule and, thus, more space should be available for acephate to reside and
be adsorbed by other means. Enantioselectivity is no stronger, on the whole, in the
lysine modified batches than in the SWg; batch providing another indication that any
enantiomerpreference is not occurring as a result of acephate interaction with lysine.
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Furthermore, the SWra batch showslittle enantioselectivity whereas the SWrr batch
showsa relatively strong preference to acephate’s (+) enantiomer. This indicates that
a chiral environment and subsequent enantioselective sorption is not provided by the
chirality of the complexed amino acid, as both alanine and lysine are chiral, but that
the involvement of lysine in the complex does have an overall effect on
enantioselectivity. So, the lack of significant enantioselectivity in the SWg batch,
suggesting its presence has a detrimental effect on enantiomer specific sorption, is
not necessarily dueto its lack of chirality.
However, the above observations and the fact that, again, opposite enantiomer
preference is not observed between the batches of L- and D-enantiomer complexes of
either chiral amino-acid does not necessarily mean that zero enantioselectivity arises
due to the chirality of lysine. If the effects of lysine provide only a small proportion
of the enantioselectivity occurring then one would not expect the involvement of
opposite lysine enantiomers to cause the enantiomer preference to completely switch,
but to be somewhataltered. Here, and in previous experiments, the batch involving
the D-lysine modification has showna greater deviation from the racemic state than
that involving the L-lysine. It might, therefore, be that L-lysine does cause an
opposite enantiomeric preference but that it is also opposite to the dominant,
unknown, enantiomerpreference and, thus, only reduce deviation, as observed, from
the racemic state.
5.3. Effect of acephate concentration on SWy-2 basal spacing
The distance between the base of an aluminosilicate unit sheet and the base of the
adjacent unit is knownas the basal spacing. This includes the interlayer space and
varies depending, predominantly, on how much water it has taken on. Various
reports have suggested that the size of the basal spacing can vary depending on how
much ofa sorbate species has been adsorbed (Banatet al. 2000; Cornejo et al. 2008).
In this study XRD techniques were used to determine the basal spacing of bentonite
SWy-2 with varying amounts of acephate adsorbed at its surface (see Chapter 2 for
procedure). Such information should provide understanding of where and how the
acephate is adsorbingto the clay surfaces. An increase in basal spacing with acephate
concentration will confirm the residence of acephate in the interlamellar space.
Figure 5.4, showing °20 for the different concentrations of acephate in the initial
supernatant, appears to indicate a small increase in basal spacing with increasing
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acephate sorption. However, it is important to note that the downward slope of the
plots show almost no variation in °20 whereas the upward slopes display
significantly more. This implies that it is the shape of the peak that is changing and
giving the impression of increasing °20, while in fact very little increase is actually
present (Dr. S. Crowley, personal communication).
Raw data with background removed at varying acephate concentrations
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Figure 5.4 Raw XRDdata for SWy-2 in aqueous suspension with background removedat
increasing acephate concentrations
The two following XRD plots (Figure 5.5 and Figure 5.6) show howvariation in the
water content of the interlayer space can result in a different shape to the overallplot.
Water in the interlayer is present in the form of layers. The more water becomes
incorporated the more likely it will exist as two layers rather than one and the
proportion of clay units with one layer to those with two layers will change.
Increasing additions of acephate make the plot appear more like Figure 5.6 where
clay particles with double layer water molecules dominate. A small increase in
humidity was observed over the course of the experiment. This could well be
responsible for the shift in shape of the XRD plots, essentially meaning that the
effect of acephate adsorption on basal spacing is negligible. Such results do not
proveor disprove the presence of acephate in the interlamellar space.
130
12
CHAPTER5 Results and Discussion
 
 
 
 
30000 4
Total Swy-2 (41% humidity)
25000 ~ ——~ Swy-2 (Single water layer)
—— Swy-2 (Double waterlayer)
20000
25 150003Oo
10000
5000
0
2 3 4 5 6 7 8 9 10
°20  
Figure 5.5 XRD data for total SWy-2 in aqueous suspension with background removedat 41 %
humidity. The SWy-2 containing a single waterlayer can be seen in green while the SWy-2
containing a double waterlayeris in purple
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Figure 5.6 XRD data for total SWy-2 in aqueous suspension with background removedat 49 %
humidity. The SWy-2 containing a single water layer canbe seen in green while the SWy-2
containing a double waterlayeris in purple
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5.4 Acephate (100mg/L) sorption on SWy-2 bentonite (raw material and 0.5 —
2.0 pm fraction)
Experimentally, bentonite SWy-2 proved to be more difficult to work with than
montmorillonite K10 because is made up of a wide range of particle sizes. This was
noted in the preparation of batch sorption experiments as its tendency to coagulate
made it difficult to suspend the bentonite in water. To try and resolve this issue a
bentonite batch was prepared consisting of particles with diameters in the range of
0.5 — 2.0 um (SW2) (see Chapter 2 for full procedure). Its sorption capabilities were
compared to the unseparated, or ‘raw’, bentonite (SWr). The SWr batch sorbed
acephate in a linear fashion (Figure 5.7), with a maximum sorption of ~53 % of the
sorbate being removed from the supernatant in the batch with the most clay. The EF
values indicate fairly strong preferential selection of the (—) enantiomer which
peaked immediately in the batch with the smallest addition of clay (Figure 5.8). For
all further batches with increased amounts of clay, a similar level of preference is
observed with no further increase.
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Figure 5.7 Thepercentage of acephate sorbedat the surface of raw untreated Swy-2 bentonite
(SW). Error bars represent the standard error calculated for each data point.
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Figure 5.8 EF values for acephate enantiomersin the supernatant after adsorption at the
surfaces of raw untreated Swy-2 bentonite (SWR). Error bars represent the standarderror
calculated for each data point.
The linear increase in acephate adsorption with rising amounts of SWe suggests that
the active sites are saturated in each batch. In other words, the amount of adsorption
is limited by the extent of surface area available on which to bind. This observation
is unusual for this work as most sorption plots have show rapid initial increase in
sorption before a steady reduction in growth resulting in a distinctly curvedplotline.
The observation is reasonable, however, as SWr has been subjected to verylittle
refinement since removalfrom its terrestrial source. As such, it is likely to contain a
large variation in grain size and probably a significantly reduced surface area.
The deviation from the racemic state observed in Figure 5.8 does not correlate
closely to the sorption described above but increases sharply before plateauing after
the 5 mg batch. The cause for this is likely to be due to the kinetic properties of the
adsorption processas discussed earlier in the chapter. In this case it might be inferred
that the majority of the enantioselective activity happens in the early stages of the
equilibration process. This might indicate non-reliance on interaction with other
acephate molecules for enantiomer specific adsorption and more specifically the
selective nature of the direct bond between acephate and the clay surface.
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The 0.5 — 2.0 pm bentonite fraction exhibited significantly less adsorption (Figure
5.9). Initially, between 0 and 10 mg additions, acephate waslinearly sorbed up to
~30 % but in the final batch containing 15 mg of clay the increase was less
pronounced and the plot showed signs of levelling off and an overall maximum
sorption of ~33.5 %. The subsequent EF (Figure 5.10), again, showed preference for
the (—) enantiomerbut not to the same extent as with the raw bentonite.
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Figure 5.9 The percentage of acephate sorbed at the surface of size fractionated (0.5 — 2.0 um)
Swy-2 bentonite (SW,). Error bars represent the standard error calculated for each data point.
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Figure 5.10 EF values for acephate enantiomers in the supernatantafter adsorption at the
surfacesof size fractionated (0.5 — 2.0 1m) Swy-2 bentonite (SW;). Error bars represent the
standarderror calculated for each data point.
Once more, the non-linearity observed in Figure 5.9 is likely to be linked to the
surface area of the clay. Since the bentonite in this case has been size fractionated in
order to remove the larger particles and some of the extremely small particlesit is
probable that the surface area has increased significantly. As a result the larger the
mineral addition in the batch the less likely the active sites are to be saturated with
acephate. In which case, competition for the sites will play moreofa part and overall
sorption will increase at a lowerrate resulting in the observed curved plot. However,
it is also of note that the overall sorption in the SWr batches is somewhat smaller
than those in the SWr batches. This is contrary to what would be expected if the
surface area is indeed larger in the SWp batches. As such, perhaps the morelikely
conclusionis that the bulk of the surface area is found in the extremely small fraction
(< 0.5 um) which has been removed in the SWr batches and that the surface area of
SWp,therefore, is significantly greater. This would account for the greater level of
sorption observed and, therefore, would also begin to explain why the deviation from
the racemic state displayed in Figure 5.10 is smaller than that for the SWe batches.
The reduction in enantioselectivity, however, is actually even greater than the
reduction in sorption should account for and thus suggests that the majority of
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enantiomer specific sorption occurs at particle surfaces present in the < 0.5 um
fraction and such an observation could give insight in to the location of the
enantioselective adsorption mechanism. One could speculate the indication is that the
selective component of the adsorption occurs in greater proportion at the edgesites
of the clay particles of which there will be more in the smaller size fraction only
present in SWr.
5.5 Acephate with SWy-2 (20 mg) bentonite: variation of pesticide
concentration: 10-500mg/L Acephate (H2O)
Another way of obtaining information on the sorptive mechanismsofclaysis to set
up a series of batch sorption experiments in which the amount of mineral remains
constant while the concentration of the sorbate in the initial supernatant is varied. In
the present experiments acephate in aqueous solution was combined with a constant
amount of the raw bentonite SWy-2. The amount of adsorption in a set of
experiments such as this is best presented as an adsorption isotherm by plotting the
equilibrium concentration against the amount sorbed (Figure 5.11). The initial
increase in sorbate resulted in the expected sharp increase in sorption to the clay.
However, two further increases in initial sorbate concentration resulted in a rapid
decrease in sorption until the final addition of the maximum concentration of
acephate saw the highest level of sorption.
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Figure 5.11 Acephate sorption (mg/g) at the surfaces of Swy-2
The occurrence of a step feature in an adsorption isotherm is not uncommonand can
come about for numerousreasonsincluding the initiation of a second sorbate layer in
the interlamellar space. However, the plot in Figure 5.11 does not fit any known
isotherm models and the cause of the decrease in sorbed material while equilibrium
concentration continues to increase remains unclear.
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Figure 5.12 EF values for acephate in the supernatantafter sorption of increasing
concentrations of acephate by SWy-2. Error bars represent the standard errorcalculated for
each datapoint.
Subsequent EFs did not correlate with the adsorption isotherm and, in fact, showed
almost no preference for a specific enantiomer. The batch including the lowest
concentration of acephate gave elevated EF values both in the bentonite batch and in
the control batch involving no sorbent. Such anomalousresults are likely to be due to
the distortion of peak shape and size at low concentrations of acephate leading to
greater uncertainties in the measured EF values. One batch (50 mg/L initial
supernatant concentration) did show different EF values for the experimental and
control batches indicating a statistically significant selective preference of the (—)
enantiomer. Why, however, this would have occurred in the batch with the smallest
initial concentration of acephate is unclear.
5.6 Acephate sorption on environmental samples
The results of batch sorption experiments involving acephate and varying amounts of
homogenised deep-sea sediments from the north east Atlantic Ocean are presented
below. The sediments in each batch were either untreated (labelled E) or pyrolysed
prior to use (labelled EP). In the case of the untreated mineral batches wesee the
highest level of sorption, at 1.5 mg/g of sorbent, in the batch containing 100 mg of
material with slightly reduced sorption in the 50 and 200 mg mineral batches. The
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reason for this is unclear as increased mineral content of the mixture should result in
greater numbers of active sites, less chance of competition between sorbate
molecules and, thus, a general increase in adsorption. However, given the unrefined
nature of the samples and despite attempted homogenisation,it is quite possible that
any given batch will contain a significantly different mineral make-up. On the whole,
similar levels of sorption are seen between the EP mineral batches but with a slight
increase in sorption from the smallest mineral addition to the largest. Overall,
though, it was surprising to see that the amount of adsorption does not increase in
proportion to the increase of available mineral in the batch.
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The EF valuesfor all batches indicate a small level of preferential sorption of the (+)
enantiomer of acephate equating to less than 0.5 %. The variation in EF between
batches is almost non-existent, perhaps with the exception of the E100, where the EF
is extremely close to 0.5 indicating a lack of enantiomer preference. Interestingly, it
is this batch which shows the greatest amount of adsorption. It is seems that
something is contained in the mineral of this sample not present in the other samples
that is capable of stronger non-enantioselective, adsorption of acephate.
5.7 Initial enantiomeric excess experiment with acephate and montmorillonite
K10
Recent work by Green et al. (1989) and, in particular, Haq et al. (2009) has found
that enantiomeric imbalances can lead to nonlinear symmetry breaking in the
organisation of adsorbate structure on the surface of an adsorbent. Their work
prompted a set of batch sorption experiments to try to assess the impact ofaninitial
enrichment of one enantiomer on subsequent enantiomerspecific sorption of a chiral
species at the surface of an achiral substrate. This involved varying initial EF values
for knowninitial acephate concentration and constant mineral content. As access was
not available to the individual enantiomers of acephate, a slightly different approach
was taken. A straightforward sorption experiment was carried out between K10 and
acephate which in the past had yielded enantiomer specific preferential adsorption.
The supernatant was then removed and used as the initial supernatant for the
following cycle of batch sorption experiments. Six such cycles were carried out. One
drawback to conducting the initial enantiomeric excess experiment in this manner
was that in each cycle the initial acephate concentration was smaller than in the
previous cycle. As such, the cycles could no longer be repeated once the initial
concentration dropped below the point where EF values can bereliably determined.
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The cycles showed a near linear decrease in acephate concentration in the
supernatant after each sorption experiment (Figure 5.14). It was determined through
analysis of variance (ANOVA) that the sample means for EF of each cycle differ
significantly. Nonetheless, in the first three cycles very little deviation from the
racemic state of acephate was observed. However, significant enantiomer specific
preferential adsorption could be inferred from the remaining cycles with the strongest
preference being observed in the fifth cycle. Furthermore, Cycle 4, 5 and 6 wereall
shownto be significantly different from each other based on a 5% LSD value of
0.003°.
Overall it can be inferred that an initial enantiomeric enrichment(e.e.) in the sorbate
of a simple batch sorption experiment has a significant effect on the extent of
enantioselective adsorption occurring at the surface of the sorbent. In general, the
larger the e.e. in the initial supernatant solution the greater the deviation was from
the racemic state after equilibration. Looking further into the findings of Haq etal.
(2009) may give insight into the results seen here. Their experiments involved the
exposure of enantiopure and racemic tartaric acid (TA) to the surface of clean Cu
(110) via sublimation into an ultra-high vacuum chamber. STM and LEED
techniques showed an equaldistribution of tartaric acid (TA) enantiomers when the
initial e.e. of TA in the supernatant was zero. However, clearly visible in the STM
images (Figure 5.15 a), domains of single enantiomer adsorption were observed
providing a strong indication that the sorbate molecules interact with each other as
they adsorb to the surface.
The introduction of TA with a slight e.e. excess saw the domains of adsorption of the
majority enantiomer dominate nonlinearly (the percentage deviation from the
racemic state was muchlarger for the adsorbed species comparedto that in the initial
supernatant) (Figure 5.15 b). Meanwhile, the minority enantiomers exhibited a
striking inability to form homochiral conglomerate domains of significant size. For
example, an e.e. of 0.2 resulted in 75% coverage of the majority enantiomer. Overall,
therefore, the observations demonstrated drastic symmetry breaking as a
consequence of small enantiomeric excessesin the initial sorbate solution.
 
* The least significant difference (LSD) wascalculated, based on a P value of 0.05, from the ANOVA
ofthe data (Appendix 1.4).
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Figure 5.15 The formation of (a) racemic tartaric acid (TA) and (b) enantiomerically
unbalanced tartaric acid (R,R TAin large domainsandS,S TA in small disorganised domains)
on the surface of Cu (110).
The formation of homochiral conglomerate domains, even when overall coverage is
racemic, occurs because an energy preference drives each enantiomer to occupyits
preferred chiral organisation. Thus, an energy penalty prevents an already adsorbed
enantiomer from taking on its opposite enantiomorph. This reasoning can
presumably be applied to the experiment here, althoughit is still not clear whether
the acephate molecules are adsorbed through direct interaction with the interlayer
surface or through ion exchangeorligand formation with the interlayer cation. In the
case where ligand exchangeor formation is the dominant form of adsorption then the
formation of a superstructure, as explored above, will become less of a viable
occurrence. However, if the ligand formations are close enough together for the
incorporated acephate molecules to interact then the overall effect may be that of a
superstructure.
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A final observation of note is that at low coverage of the sorbent surface, the whole
system remains disorganised whereas higher coverage forces a more organised
system due to greaterdensity of the organised structure. If this applies to experiments
throughoutthis work then it can be presumed that, where a set amount of mineral has
been used, the extent of coverageis sufficient to cause enantioselectivity if, indeed,it
is observed. Additionally, in experiments where a variety of mineral amounts have
been used, this idea could explain the initial peak followed by a levelling off of
enantioselectivity as seen in the raw SWy-2 batch experimentin Section 5.5.
5.8 Montmorillonite K10 as a packing material for an HPLC column
Anexperiment was developed to determine whetherthe apparent selective behaviour
observed between acephate and K10 could be harnessed in an attempt to provide
some groundwork for the development of a new enantiopurification technique. The
fundamental hypothesis was that an HPLC column packed with montmorillonite K10
serving as the stationary phase would retard or prevent the progress of one ofthe
enantiomers of acephate in solution more than the other. Attempts were madein vain
to quantify the resulting peaks provided as an output from the DAD UV-detector
employed. Consequently, the eluting solution was collected as a fraction and
prepared for GC analysis. This made it possible to assess whether any of the sorbate
had remained in the column and, if so, whether it had been retained
enantioselectively. Figure 5.16 shows the concentration of the acephate enantiomers
remaining in the eluent after being passed through the K10 packed column.Less than
40 mg/L remains of the 100.4 mg/L of acephate present in the initial aqueous
solution injected onto the column. This suggests that at least 60 % of the acephate
molecules are retained by the stationary phase.
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chirally selective retention resulting in elution of a non racemic mixture of acephate
K10 used as a stationary phase in a customised HPLC columnis indeed capable of
0.506 which equates to an imbalance of just over | %. It is apparent, therefore, that
but significant deviation from the racemic state is observed, indicated by an EF of
the eluent after being passed through the K10 packed column (Figure 5.17). A small
The enantiomeric fraction was calculated for enantiomers of acephate remaining in
Agilent 1100 HPLC system.
solution (BL) comparedto the concentration of acephate enantiomers remainingin the eluent
after being passed through a K10 packed column (HPLCfraction); analysis conducted on an
Figure 5.16 Column plot displaying the concentration of acephate enantiomers in an aqueous
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Figure 5.17 Columnplot displaying the enantiomeric fraction (EF) calculated for acephate
enantiomers in an aqueoussolution (BL) and for acephate enantiomers remaining in the eluent
after being passed through a K10 packed column (HPLC fraction)
The results provide foundations for a chiral resolution technique that is extremely
inexpensive in relation to commercially produced, current chiral stationary phases
such as cyclodextrin based capillary columns for GC and macrocyclic glycoprotein
based columns for HPLC (Sigma-Aldrich ®). Of course, method development is
very muchin its infancy and significant problems must be overcome before larger
scale separations becomeviable. For example, presently, quantification of the eluting
enantiomers is not possible on HPLC with a DAD UvV-detector. Further
experimentation is required in orderfind the correct conditions on the columnas well
as the right choice of detector. Additionally, a large proportion of the sorbate remains
on the column meaning that repeat runs of the same solution in order to increase the
enantiomeric imbalance on route to enantiopurification becomes difficult and the
efficiency poor. Furthermore, the present inability to quantify using the HPLC
system alone meansit is unclear whether the eluent is being subjected to multiple
adsorption/desorption cycles within the column resulting in greater retardation of a
particular enantiomer; or whether both enantiomers are eluted at exactly the same
time but after enantioselective adsorption and equilibration has occurred. Another
unknownfactor is whether all the eluent is removed from the column before the next
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acephate injection. It is understood that a significant proportion remains for the
period that the fraction is being removed for GC analysis but it is unclear whether
this is then eluted during the blank injection between sample runs. The retained
acephate may remain bound indefinitely while not interfering with adsorption in
subsequent runs. This might be possible for a limited numberof runs while the large
surface area of K10 provides a sufficient number of active sites for uncompetitive
adsorption. Such queries could be resolved quite simply if quantification of acephate
passed through the K10 column could be achieved on the HPLC system alone.
The pre-adsorption of acephate on the surface of K10 as a complex sorbent has not
been addressed in this work. There is significant scope for further work involving
simple batch sorption experiments consisting of acephate and a K10- acephate
complex. Assuming that the complex involved a non-racemic presence of acephate,it
is possible that enantioselectivity in the following batch sorption experiment would
be greatly enhanced. This would be in keeping with manyresults from the work in
this project where the extent of enantioselectivity is dependent on interactions with
already bound enantiomers of the sorbate. In a specific example, Nakamura etal.
(1988) explain that while a racemic mixture of a chiral sorbate will cover the whole
surface of a sorbent, an enantiopure sorbate will leave half of the surface unoccupied
because of steric interference among the adsorbed species. Furthermore, subsequent
adsorption on a surface loaded with pure enantiomers should display strong
enantioselectivity towards further adsorption of a chiral molecule. This should also
apply, to some extent, to a system where the initial coverage is enantiomerically
unbalanced rather than enantiopure. Again, this could be tested with simple batch
sorption experiments.
5.9 Some implications for the origin of homochirality of life theories
Manyof the experiments throughout this work can be interpreted to provide insight
into, or support of current theories on the origin of the homochirality of life reviewed
in Chapter 1 of this work. Briefly, however, the homochirality of life must have
come about from either deterministic or stochastic processes. The deterministic
approach essentially states that homochirality emerged as a result of the intrinsic
homochirality of the universe; either through chiral electroweak forces causing the L-
form of amino acids to be more stable than the D- form or, alternatively, through the
inherent ability of circularly polarised light, existing throughout the universe, to
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induce enantioselective photo-resolution of racemates (Weissbuch et al. 2005). A
stochastic approach suggests that spontaneous mirror symmetry breaking could have
occurred in systems not yet at equilibrium in a pre-biotic world. Since the work here
provides evidence of enantiomer selective adsorption at the surfaces of achiral
minerals, such as montmorillonite, the suggestion that clay surfaces could act as a
substrate for the adsorption and unbalancing of racemic amino acid mixtures as well
as a catalyst for the amplification of the small enantiomeric excess, is worth
considering. Normally, a major drawback to theories considering clay minerals as
playing a part in the origin of homochirality is that those minerals considered are
chiral. This allows a logical explanation for enantiomer specific selection but falls
short when it is accepted that there is a globally racemic distribution of the mineral
enantiomorphsandthat there is no reason therefore to expect a global imbalance in
amino acid enantiomer adsorption. Enantioselective adsorption at the surface of
montmorillonite, however, is not due to an inherent chirality of the mineral and thus
does not have an equaldistribution of left and right hand adsorbing enantiomorphs.
Instead it must derive its selectivity from other conditions and prerequisites involved
in the adsorption process. Assuming that such conditions were met in a prebiotic
earth, the enantioselective adsorption of amino acids for example would have shown
a specific preference for one of the enantiomers provided the conditions remained the
same. Such a process coupled with possible mechanisms for further enantiomeric
enrichment of adsorbed species provides a feasible basis for the explanation of the
homochirality of life. Furthermore, some clay minerals, such as kaolinite, are thought
to act as a template, catalysing the polymerisation of amino acids into peptides
(Degens 1989). It is conceivable, therefore, that a prebiotic clay mineral which
preferentially adsorbed L-amino acids would catalyse the formation oflike-oriented
peptides and proteins leadingto a life system modelled around, and dependent on the
L-form of aminoacids.
5.10 Some implications for environmental impact of chiral OP pesticides
It is clear from the results of many of the experiments conducted in this project that
preferential, enantiomer selective adsorption of acephate is possible by someachiral
mineral surfaces. Given the fairly typical properties of acephate as an OPpesticideit
can be assumedthat it is not the only memberofits class capable of being subjected
to such asymmetric adsorption. Thus, it is important to assess the effect of such a
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phenomenon on the impact of chiral OP pesticides in the environment. Most chiral
OPs are assumed to remain in a racemic mixture of enantiomers as they are
distributed and dispersed. However, enantiomeric imbalances are observed in
samples of OP pesticides in the environment (for example Valenzuela Diaz & P. D.
S. Santos 2001) and are normally presumed to be due to biotic degradation
(Hegeman & Laane 2002). If, as discussed in Chapter 1, the relative toxicological
effect of the enantiomers are different then a deviation from the racemic state of
enantiomers found in the environment will have an effect on the overall toxicity of
the chemical. The assumedtoxicity, therefore, and the subsequent impact on non-
target species might be entirely incorrect. As such, it is important to assess and
understand all possible causes for the enantiomeric imbalances observed. In this
work wesee a wide range of enantiomeric deviations from the racemic state caused
by adsorption onto mineral surfaces. Some of the large deviations of up to ~ 30%
observed after a 48 h equilibration period would have an immediate and significant
effect on the overall toxicity of the pesticide. However, significant deviations of less
than 2% from a racemic mixture of enantiomers are also observed and will thus have
a limited effect on the toxicity of the molecule. Furthermore, it might be assumed
that after equilibration, the process of enantiomer selective adsorption will cease. In
environmental conditions, however, a single and final equilibration is unlikely,
especially given the semi-volatile nature of most OP pesticides. Multiple adsorption-
desorption cycles occurring due spatial temperature changes or day/night cycles
might cause significant amplification of the deviation from the racemic state,
particularly given the apparent significance of an initial enantiomeric imbalance.
Figure 5.18 below shows how a small enrichment of one of the enantiomers of a
chiral compound can be amplified over a numberoffractionation cycles.
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Figure 5.18 Modelillustrating the rate of increase in enantiomeric fraction (EF) over a number
of fractionation cycles where in each of which an enrichmentof 0.05 % (dots and dashes), 0.1 %
(dashedline) and 0.15 % (solid line) occurs.
The model assumes that each fractionation causes a further enrichment of the
percentagestated in the legend.In fact, in light of the results presented in Section 5.7
above, this modelis a particularly conservative one given that an initial enantiomeric
imbalance appears to giverise to a disproportionately larger deviation in subsequent
adsorption cycles. The model also makes the assumption that the deviation of EF
from the racemic state will always be in the same direction. Results obtained
throughout this project suggest this is not the case. However, Figure 5.18 is simply
an example of how deviation of EF may escalate in the environment. The
fractionations typically represent day/night cycles as the SVOCis evaporatedinto the
atmosphere during the heat of the day before cooling and condensing at night. Such
repeated deposition is likely to involve adsorption and desorption at mineral surfaces.
The modelprovidesa stark image of how quickly EFs can deviate from their racemic
state and thus, differ dramatically from their perceived toxicity.
Chapter 4 provides a brief summary of the important results discussed throughout
this chapter and provide concluding remarks relating to significant findings and
further work and recommendations.
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CHAPTER6 SUMMARY AND CONCLUSIONS
This project has focussed in detail on the identification of enantiomer selective
adsorption of the chiral organophosphorus insecticide, acephate, on a variety of
mineral surfaces, some chiral, some achiral, in predominantly aqueous systems.
Acephate waschosenforits chiral nature and as a typical current-use pesticide while
the mineral sorbents were chosen due to their sorptive capabilities, large global
prevalence and prebiotic relevance.
Gas chromatography has been the apparatus of choice for the majority of the
analyses and used to assess the potential of selective adsorption of one enantiomer
over the other on the mineral surfaces. Such enantioselectivity was assessed by the
calculation of the enantiomeric fraction based on repeated quantitative determination
of the mean concentration of the sorbate in the supernatantliquid.
Initial batch sorption experiments involving acephate adsorption at the surface of
montmorillonite K10 (K10) revealed that the rate of adsorption showed conformity
with the Langmuir equation while a seemingly exponential increase in preference for
the (—) enantiomer of acephate was observed with increasing adsorption. Given the
asymmetric nature of K10, this is a significant finding comparable to that of Bondy
and Harrington (1979) who found that bentonite showed an enantiomer specific
affinity for the L-form of some amino acids. The results here, however, are the first
to be reported showing such enantioselectivity for a current-use chiral pesticide.
Furthermore, the observed relationship between sorption and EF has implied that
somelevel of interaction between newly adsorbing acephate molecules and those
already bound is required for enantioselectivity to occur. This is in contrast to the
experiments involving kaolinite, which show a preference for the same enantiomer of
acephate but indicate that enantioselectivity occurs without the need for acephate-
acephate interactions. Given the asymmetry of the kaolinite crystal, discussed in
depth by Jackson (1971), such contrasting sorptive properties between K10 and
kaolinite might have been expected.
In a subsequent experiment, there was a step feature in the adsorption plot for a Cu-
exchanged K10. This gave an indication that multilayer sorption or stereochemical
interactions were involved, causing the adsorbing molecule to becomestabilized on
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the clay surface and thus producing an enhanced affinity of the surface for the
sorbate as its surface excess increases. Since significant enantioselectivity was also
observed in this batch sorption experiment, support was provided for the idea that
acephate molecules need to interact with each other as well as the clay surface in
order for an enantiomeric imbalance to emerge.
A marked and unexpected observation was made when comparing enantioselectivity
in the initial unmodified K10 batch sorption experiments and the unmodified K10
batch making up part of the pre-treated K10 experiments. Both displayed significant
enantiomer specific adsorption but with a preference towards the enantiomers of
opposite sign. It was concluded that the choice of solvent was responsible for the
switch in preference. Batches with an acetonitrile solvent gave rise to a preference
for the (—) enantiomer of acephate while the use of aqueoussolution resulted in a
complete switch to the (+) enantiomer. The finding appears to be unique to
unmodified, abiotic 2:1 clay substrates. It is suggested here, based on work by
Fernandez et al. (2001), that the observation may be due to a difference in the
dielectric constant of the solvent causing the distance between clay surface and
exchangeable cation to be altered thus affecting the extent to which the sorbate is
involved in the steric environment of the active sites. Further work is strongly
recommended in this area; a variety of solvents might be used in a series of batch
sorption experiment to investigate the sign of enantioselectivity with changing
dielectric constant and polarity.
The individual enantiomers of lysine were introduced to K10 to form ligands with
the exchangeable cation in order to provide a chiral complex within the interlayer.
Both enantiomeric forms of the prepared complex showedsignificant enantiomer
specific adsorption, again for the (+) enantiomer of acephate. A mechanism for the
adsorption is proposed whereby oneof two lysine zwitterions attached to the doubly
charged interlayer cation of the sorbent complex is replaced by the acephate
enantiomer in a ligand exchangeprocess. It is important to note, however, that the
opposite enantiomeric forms of the clay-lysine complex did not display an
enantiomer specific preference for opposite enantiomers of acephate (although
significant variation in the extent enantioselectivity was observed). It was concluded,
therefore, that the enantiomer specific preference observed arises as a result of an
interaction to which the chirality of the clay-lysine complex is irrelevant. The exact
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cause ofthe enantioselectivity remains unclear but it seems likely that there is a very
specific characteristic of the clay surface that causes the geometry of the complex
adsorption to be different between the two systems (containing either the (+) or (-)
enantiomer). As the complex resides at the clay surface within the interlayer space,
the wayit interacts, and more specifically, the way the complexed acephate interacts
with the clay surface will be vital to the enantioselective nature of the continuing
adsorption. For example, if the molecule binds in a waythat hides the chiral centre of
the complexed acephate, then enantioselectivity may be significantly reduced as
further adsorption occurs throughout the equilibration process.
Somefurther insight into the mechanism for adsorption was provided through batch
sorption experiments involving derivatised K10. The removal of hydroxyl groups
through silanisation had no effect on the overall adsorption of acephate but
calculated EFs revealed that an enantiomer specific preference had not occurred. It
can be concluded, therefore, that hydroxyl groups present in the clay structure, whilst
not playing a significant role in the retention of acephate as an adsorbed species, do
have a considerable effect on the clay’s enantioselective properties. Adsorption must
occurat sites where at least some of the adsorbed enantiomers can be affected by the
hydroxyl groups in such a wayas to be able to provide an environment where one
enantiomer of acephate is preferred. The conclusionis, therefore, that the proximity
of hydroxyl groups is a critical factor in determining the enantioselectivity of an
adjacent adsorptionsite.
Experiments involving adsorption onto clay surfaces set at variety of pH values
provided further support for ligand formation as a mechanism for adsorption. In
order for acephate to form a ligand with the exchangeable cation it must be ionised.
This could only occur at pH values below its pKa of 8.5 and is reflected in the
adsorption results that show a peak at pH 7 with reduced adsorption at pH 9 and 11.
Lowerlevels of adsorption observed for batches at pH 5 and 3 could be explained by
an increase in competition with H” ions for active bindingsites on the clay surface as
acidity of the suspension increases. Furthermore, an increase in enantioselectivity is
observed at low pH, which supports the involvement of hydroxyl groups in the
enantiomerselective process as it coincides with an increasing numberofprotonated
silanol groups.
155
CHAPTER 6 Summaryand Conclusion
Finally, the experiment involving initial enantiomeric enrichments of acephate in a
solution set to adsorb to an unmodified K10 surface was designed to complementthe
work of Haq et al. (2009) and yielded interesting results. In general, it was shown
that an enantiomer imbalance at the beginning of the equilibration process enhances
the enantioselectivity for acephate enantiomers by the clay surface. The importance
of acephate-acephate interactions throughout the adsorption process is clear
insomuch that an uneven coverage of adsorbing enantiomers in the early stages of
equilibration will cause further enantioselectivity to an extent beyond that provided
by the initial imbalance of enantiomers.
There is significant scope for further research to be conducted on several aspects of
the work completed in this project. Detailed investigations into enantioselective
adsorption at abiotic mineral surfaces have been carried out through controlled
modelling of fundamental processes at work in the environment. However,
application to the real world would be enhanced by extensive monitoring of EFs in a
large number of environmental samples from different compartments and from a
range of locations. This would provide further insight into how the ratio of
enantiomers varies over time and distance from source in different mediumsacross
the globe. Analogous research has been conducted extensively for organochlorine
pesticides but due to their perceived low persistence, organophosphoruspesticides
have receivedlittle attention. In the light of results from this work it is recommended
that care be taken when assuming biotic degradation to be the sole cause of
enantiomeric imbalances observed in some environmental samples. Furthermore,it is
clear that not enough is known about the mechanisms by which the enantiomers of
chiral organophosphorus pesticides adsorb to minerals in the environment and to
what extent the ratios of enantiomers vary as they are transported by whatever
means. As such, given the differing toxicities between enantiomers, it is suggested
that future compilation oflists detailing the threat of organophosphoruspesticides in
the environment take into account the potential for non-racemic enantiomeric
mixtures. Indeed, the classification of organophosphoruspesticides, in this scenario,
as separate entities would be preferred.
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APPENDIX
1.1. Analysis of mineral structures using a scanning electron microscope
(SEM)
 
Figure Al.1 Pyrolysed raw K10: a) SEM image; b) spectra
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Figure A1.2 Na-exchanged K10 without pyrolysis: a) SEM image; b) spectra
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Figure A1.3 Na-exchanged K10 with pyrolysis: a) SEM image; b) spectra
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Figure A1.4 Cu-exchanged K10: a) SEM image; b) spectra
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Figure A1.5 Acid treated K10: a) SEM image; b) spectra
1.2 Sorption of acephate with activated copper
Copper has beenincluded asan interchangeable cation in the interlayer space of the
sorbents used in many of the batch sorption experiments carried out to date. To
examine the direct effect of copper on the sorption of acephate by clay minerals a
different approact was required. One wayof achieving this was to assess the sorptive
capabilities of copper alone. To maintain consistency with previous experimentsit
was preferable that the experiment be of a batch sorption type with the sorbent
suspended in aqueous solution. Activated copper was prepared as the sorbent as it
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fitted such criteria. Furthermore it was supposed that some of the activated copper
could be combined with L-lysine in solutions to form a Cu-L-lysine complex. This
could provide more information on the sorptive and enantioselective capabilities of
the Cu-lysine modified clays used in previous experiments. In batch sorption
experiments both forms of activated copper strongly sorbed the acephate present in
solution. The difference between the two forms of activate copper were also
significantly different with the copper alone removing ~83 % of the acephate from
the solution while the Cu-lysine complex removed only ~54 %. In terms of EF,
deviation from 0.5 is small but, in some cases, significant. Initially, with 500 mg of
the sorbent, the activated copper alone appears to preferentially adsorb the (—)
enantiomer of acephate while the copper-lysine complex prefers to select the (+)
enantiomer. The variation is only small and whenthe addition of sorbent is increased
to 1000 mgsignificant preferential selection of either enantiomer is no longer seen.
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Figure A1.6 The amount of acephate in supernatant (mg/g) after sorption at the surfaces of
increasing amounts of activated copper. Error bars represent the standard errorcalculated for
each datapoint.
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Figure A1.7 EF values for acephate in the supernatant after sorption at the surfaces of activated
copper. Error bars represent the standard error calculated for each data point.
1.3. Langmuir Conformity manipulations
Isotherms for the sorption of organophosphorus pesticides on clay minerals can
normally be explained by the linear form of the Langmuir equation (got ref for this
somewhere) given below:
1
kV
if
VinBle]
,O
Where is the equilibrium concentration, x is the amount adsorbed per unit weight
m of clay while k and V,, are constants; the latter being identifiable with the
monolayer capacity of the adsorbent (Theng 1974). Adsorption can be said to
conform to the Langmuir equation if a straight line is observed when C/(x/m) is
plotted against C. Given the parameters, this equation and the test for conformity can
apply to the results of batch sorption experiments where the amount ofclay is the
variable and the initial sorbate concentration a constant. In the figures below, such
conformity tests have been applied to several of the experimental results obtained in
this work. The nearer the R* value for a data set is to 1.0 the more closely the
adsorption conforms to the Langmuir equation.
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Figure A1.8 Langmuir conformity plot for acephate sorption on montmorillonite K10 surfaces
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Figure A1.9 Langmuir conformity plot for acephate sorption on kaolinite surfaces
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Figure A1.11 Langmuirconformity plot for acephate sorption on K10-Cu-L-lysinesurfaces
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The R? valuesfor each set of data wherethe calculation waspossible are presented in
Table Al.1.
Table A1.1 R’ values for Langmuir conformity plots and their corresponding sorbates and
 
sorbents
Sorbate Sorbent R’ value
Acephate K10 — 0.891
Acephate Kaolinite N/A
Acephate Aluminium oxide N/A
Acephate K10-Cu-L-lysine 0.430
Acephate K10-Cu-D-lysine 0.187
Acephate K10- pyrolysed only 0.954
Acephate K10 — NaCltreated only 0.957
Acephate K10 —acid treatment (pH4) N/A
Acephate K10 — NaCl treated — pyroly 0.944
Acephate K10 — Cu exchanged 0.480
 
1.4 Analysis of Variance (ANOVA)
ANOVAwasperformedfor the results of the enantiomeric excess experiment
(Section 5.7) on the data for both sorption and EF. A summary of the outcomeis
provided in Table Al.2 and A1.3 respectively. The value for the least significant
difference, based on a P value of 0.05, (5% LSD)is also included in the summary.
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Table A1.2 ANOVAoutputfor the sorption of acephate at the surface of K10 in the
“enantiomeric excess experiment”.
 
  
SUMMARY
Groups Count Sum Average Variance
CYCLE BL 3 150.0 50.0 32.1
CYCLE 1 3 132.6 44.2 4.7
CYCLE 2 3 116.6 38.9 1.4
CYCLE 3 3 91.4 30.5 1.2
CYCLE 4 3 81.2 27.1 0.5
CYCLE 5 3 66.4 22.1 4.8
CYCLE 6 3 59.8 19.9 11.7
ANOVA
Source of Variation SS df MS F P-value Fcrit 5%LSD
Between Groups 2336.9 6 389.5 48.3 1.5E-08 2.85 4.96
Within Groups 112.8 14 8.1
Total 2449.7 20
Table A1.3 ANOVAoutputfor the EF of acephate at the surface of K10 in the “enantiomeric
excess experiment”.
 
  
SUMMARY
Groups Count Sum Average Variance
CYCLE BL 3 1.500 0.500 1.7E-06
CYCLE 1 3 1.496 0.499 2.3E-06
CYCLE 2 3 1.502 0.501 4.0E-06
CYCLE 3 3 1.498 0.499 6.0E-07
CYCLE 4 3 1.491 0.497 8.5E-08
CYCLE 5 3 1.465 0.488 1.2E-05
CYCLE 6 3 1.478 0.493 2.2E-06
ANOVA
Source of 5%
Variation SS df MS F P-value Fcrit LSD
Between Groups 0.00037 6 6.2E-05 18.6 6.36E-06 2.85 0.003
Within Groups 4.7E-05 14 3.3E-06
Total 0.00042 20
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